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(ABSTRACT)

Cyclopropyl-containing substrates have been frequently utilized as “probes” for

the detection of SET pathways in organic and biorganic systems.  These reactions are

based on the cyclorpropylcarbinyl → homoallyl rearrangement, which is fast and

essentially irreversible.  The implicit assumption in such studies is that if a “radical”

species is produced, it will undergo ring opening.  We have found that there are two

important factors to consider in the design of SET probes:  1) ring strain, the

thermodynamic driving force for the rearrangement, and 2) resonance energy, which may

help or hinder rearrangement, depending on the specific system.  Delocalization of spin

and charge were found to be important factors pertaining to substituent effects on the

rates of radical anion rearrangements.

Previous studies from our lab have centered on highly conjugated phenyl

cyclopropyl ketones.  This work considers a series of compounds varying in their

conjugative components from a highly conjugated spiro[2.5]octa-4,7-dien-6-one and

derivatives to simple aliphatic ketones.  Utilizing cyclic, linear sweep voltammetry, and

preparative electrolysis techniques, it was discovered that all substrates yielded ring



iii

opened products with rates and selectivities that will prove useful and informative in the

design of mechanistic probes based on the cyclorpropylcarbinyl → homoallyl

rearrangement.  Rates of homogeneous electron transfer from a series of hydrocarbon

mediators to substrates were measured using homogeneous catalysis techniques.

Standard reduction potentials and reorganization energies of substrates were derived

using Marcus theory.  Conjugative interactions with the cyclopropyl group are discussed.
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CHAPTER 1: HISTORICAL

1.1 INTRODUCTION

1.1.1 Overview

A tremendous amount of interest in mechanistic organic chemistry has been sparked

by the recognition of single electron transfer (SET) as an important reaction pathway.

Single electron transfer mechanisms involve paramagnetic intermediates, free radicals,

radical cations and radical anions. The chemistry of the neutral free radical is well

understood.  However, the chemistry of radical ions is not as extensively documented.  A

radical cation is formed by the removal of an electron from a neutral diagmagnetic

species (e.g., M – e- → M•+).  In contrast, a radical anion results form the addition of an

electron (e.g., M + e- → M•-).  Hence, radical ions are formed by oxidation/reduction of

neutral closed-shell substrates.  This change in oxidation state can drastically affect a

substrate’s reactivity.  Enhanced reactivity stems from the diminution of bond orders in

the molecule as a consequence of removing electrons from bonding orbitals or adding

electrons to anti-bonding orbitals, and from the introduction of charge.

As a result, radical ions are much more reactive than their corresponding neutral

species.  For example, neutral chlorobenzene is a stable molecule, which is not prone to

homo- or heterolytic C-Cl bond cleavage.  However, chlorobenzene decomposes rapidly

to phenyl radical and chloride ion when reduced to its radical anion (Equation 1.1).1
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Cl

X

Cl
k     107 s-1
~~ + Cl-

+ Cl-

                    (1.1)

Similarly, neutral toluene is an extremely weak acid with a pKa of ~40.2   The radical

cation of toluene becomes remarkably more acidic with a pKa of –20 (Equation 1.2).3,4

+

pKa = 40

pKa = -20

+ H+

H+

                   (1.2)

With recognition of the importance of SET mechanisms emerging, reactions

previously thought to proceed exclusively through conventional polar intermediates are

now thought to involve some component of SET.  The role of electron transfer has been

extensively examined in a large number of reactions involving aldehydes, ketones, and

other carbonyl compounds.  As a result, many of these reactions are now currently

thought to proceed through radical ion intermediates (e.g., the Grignard reaction5,

Clemmenson reduction6, aldol condensation7, Wittig reaction8, Meerwein-Pondorff-
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Verley reduction9, reactions involving RLi10, R2NLi11, NADH analogues12, complex

metal hydrides13 and radical mediated reductions involving R3Sn•14 and R3Si•15).

Consider two possible mechanisms for reaction of a nucleophile (Nu:−) and a

carbonyl compound (Scheme 1.1): a) a polar (two electron) process, and b) a single

electron transfer process (SET).

Scheme 1.1

C

O

C

O

Nu

C

O

Nu:-     +

Nu     +

(a) polar

(b) SET

Detection of SET pathways (path b) by product analysis is not simple as usually the same

products are produced regardless of the pathway taken (polar or SET). The unique

characteristic of the SET mechanism is the formation of paramagnetic intermediates (free

radicals and radical anions).  Consequently, experiments must be designed which exploit

this difference.
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1.1.2 Generation, reactions, and detection of radical anions from >C=O containing

compounds.

A radical anion results from the addition of an electron (e.g., M + e- → M•-) to a

neutral closed-shell molecule.  Common methods for generation of ketyl anions are

summarized in Figure 1.1.16  

O

(1) Direct chemical or electrochemical reduction of carbonyl compounds

+ e- O

(2) Deprotonation of ketyl radicals

OH + H+O

(3) α-Hydrogen abstraction from alkoxides

O + HOH

(4) Photo-induced electron transfer (PIET)

O +O
hv

O*
R3N R3N

Figure 1.1 Generation of >C=O•− in solution.

The simplest method of radical anion generation is via direct reduction (Figure 1.1,

reaction 1), chemically or electrochemically.  A variety of chemical reducing reagents

such as alkali metals (i.e., Na/NH3), stable radical anions, and metals (i.e., R3Sn•, SmI2)
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have been employed.16,25   Recently, SmI2 has emerged as a synthetically useful one-

electron reducing agent for carbonyl containing compounds.17

Electrochemical reduction is one of the most important methods to generate

radical anions; however, it can be more complicated in terms of the role of the electrode

surface, counterion and solvent.18  Given the proper system, the reduced species is

formed at the electrode without the simultaneous formation of the oxidized species in the

immediate vicinity.  Moreover, because the potential of the electrode can be adjusted

precisely, its reducing power can be controlled.

Some examples of the most common reactions of ketyl radical anions are

summarized in Figure 1.2.16   The electron transfer reaction (Figure 1.2, reaction 1) is

perhaps the most fundamental and involves electron transfer to another substrate.  This

mediated reduction has been used extensively in electrochemistry over a wide range of

substrates and reactions and is often catalytic. Savéant and Lund are pioneers in this

field.19  Another fundamental reaction of >C=O•− (Figure 1.2, reaction 2) illustrates the

basic nature of the radical anion, and can occur when reductions are carried out in

protic/acidic media or the radical anion has readily available protons from other

substrates in solution (as in PIET).  The  remaining reactions 3-5 shown in Figure 1.2,

represent the bulk of the mechanistic research in the area of radical anions generated from

carbonyl containing compounds and an excellent review has appeared.16
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O

(1) electron transfer

+ substrate

(2) proton transfer

OH + A-

(3) reaction with radicals or radical ions

O

+ O

R

(4) addition to π-systems

O + substrate

O + HA

O + R

OO

or 

2 O

O X Y X Y

(5) fragmentation 

(a) α-cleavage

R Z

O
R

O

R

O

+ Z

+ Z

(a) β-cleavage

R X

O
R

O

R

O

+ Y

+ Y

Y

X

X

Figure 1.2  Reactions of >C=O•−
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Because of the fleeting nature of radical ions, they can be challenging to detect.

Chemically induced dynamic nuclear polarization (CIDNP) has been employed for

detection of paramagnetic intermediates in the reactions of alkyl iodides with alkyl

lithium reagents.20   Electron paramagnetic resonance spectroscopy (EPR) spectroscopy

has proven to be a useful method, and radicals and radical anions can be detected in very

low concentrations.21,22,23,24 EPR has been used to study SET in additions of hydrides to

substituted benzophenones22, and reactions of anions with unsaturated organic

molecules.21   Other useful methods have included UV absorption,22 trapping by radical

scavengers, and kinetic isotope effects.25  Perhaps the most powerful tools for elucidating

the mechanisms of radical anion decay are direct and indirect electrochemistry,26

stopped-flow techniques,27 and laser flash photolysis.27,28

Observation of a paramagnetic intermediate does not necessarily mean that the

radical/radical anion is involved in product formation.7a, 29  To avoid the possibility of

monitoring a “blind” pathway, researchers have focused on incorporating mechanistic

“probes” into the substrate which will lead to unique products when electron transfer

occurs.  Mechanistic probes that can be used for detection of SET pathways fall into two

main classes, fragmentation and rearrangement probes.

1.1.3 Fragmentation probes.

Fragmentation probes contain substituents which, upon electron transfer, eject

stable ions.  Identification of SET is then made through product analysis (Scheme 1.2).
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Scheme 1.2

O

X

Nu: Nu

O

X

Fragmentation X-

O

Nu or H

O

Nu(H)

It is presumed that products obtained from a Nu•/neutral radical coupling

(ArCOCH2Nu) or hydrogen atom abstraction (ArCOCH3) are formed from the radical

produced through a SET pathway.30,31  However, a direct nucleophilic (SN2) substitution

pathway at the α-carbon can not be discounted as a potential pathway for product

(ArCOCH2Nu) formation.  The success of the “fragmentation probe” is dependent on the

irreversibility of the fragmentation step and on it’s rate being faster than any competitive

process involving the radical anion.

In an innovative example, Tanner and collaborators have estimated rate constants

for fragmentation of a series of α-haloacetophenones.32  Rate constants were determined

according to the competition experiment outlined in Scheme 1.3, where radical anion 1

was generated from reaction with 1,3-dimethyl-2-phenylbenzimidazole (DMBI). The rate

constant ratio (k1/k2) was determined from the relative yields of products 2 and 3.  An
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assumption was made that the α-substituent does not affect the magnitude of k2, and

therefore k2 could be considered constant and equal to 3 x 107 s-1 (measured earlier by

Wipf and Wightman33).

Scheme 1.3

O

X

Br

k1

k2

O

Br
+ X-

SH S

SH S

O

+ Br-

X

O

Br

O

X
1

2

3

Pertinent results of these experiments are summarized in Table 1.1.  For  X = Br or Cl,

the fragmentation was assumed to occur via dissociative electron transfer (i.e.,

fragmentation and electron transfer are concerted; the radical anion Ph(C=O•−)CH2X

does not have a discrete lifetime).  Data from this study combined with the findings of

other groups have demonstrated that it is possible for a fragmentation probe of this type

to identify SET pathways in the reactions of nucleophiles with carbonyl

compounds.34,35,36,37,38  These fragmentation probes have been successful in detecting

SET pathways in reactions of carbonyl compounds with Grignard reagents39 and lithium

dialkylcuprates.30
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Table 1.1 Rate constants for β-cleavage of several substituted acetophenones and

benzophenones.23

RX   
k fx

R   X   +

PhCOCH2X
•− X-C6H4COCH3

•− X-C6H4COC6H5
•−

X kfx (s
-1) X kfx (s

-1) X kfx (s
-1)

Br >109 m-Cl 15 p-Cl 29

Cl >109 p-Cl 3 x 103 o-Cl 61

F 5.2 x 109 o-Cl 3 x 105 m-Br 7.9 x 102

PhCO2 6.3 x 109 m-Br 8 x 103 p-Br 6 x 104

CH3CO2 9.6 x 108 p-Br 3.2 x 107 m-I 2.5 x 106

PhO 9.5 x 106 o-Br 5.1 x 109

PhS 9.3 x 106 m-I 1.9 x 108

1.1.4 Rearrangement probes.

A successful rearrangement probe will contain a moiety that upon electron

transfer undergoes (ideally) a rapid and irreversible rearrangement.  Hence, products

obtained from SET vs. polar pathways will be different. Intramolecular rearrangement

probes are typically based on geometric (cis → trans) isomerizations (I), cyclizations

involving a remote C=C (II), or the rupture of three- or four-membered rings ((III) in
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Figure 1.3).25   Probe substituents (e.g., cyclopropyl groups) have been utilized

extensively to detect ketyl and ketyl anion intermediates. 14,15,30,40

I
X Y X Y X

Y

e-

II

C

C

A B

e-

C

C

A B

C

C A B

III A B e-
A B A B

Figure 1.3  Intramolecular rearrangement probes used to detect electron transfer.

In the case of free radicals, rearrangement probes have enjoyed remarkable

success because several rearrangements are well-documented,41 and in some cases their

absolute rate constants are known.  Griller and Ingold have coined the term “free radical

clocks” to describe such rearrangements, because absolute rate constants for competing

bimolecular processes can be determined from simple product analyses.42

This level of dependability and sophistication has not yet been attained for radical

anion rearrangements. Often it is simply assumed that the same structural features (e.g.,

relief of cyclopropyl ring strain) which lead to rearrangement of a free radical will (by
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analogy) also lead to rearrangement of a radical ion.  A case in point involves phenyl

cyclopropyl ketone, which has seen extensive use as probe for SET in the reactions of a

variety of nucleophiles with carbonyl compounds (Scheme 1.4).14,15,30,40(b,c,d,g,i,j,l),43

Scheme 1.4

O

+ X Y

Polar 

Electron

Transfer

XO

O

O

XO

Y

4

+ X Y

+ X Y

Y

5

6

7

8

The general procedure is that one takes a reagent (X-Y), which is suspected to undergo

SET with carbonyl compounds, and treat it with phenyl cyclopropyl ketone 4.  Ring

opened product 5, if found, supports an electron transfer process through radical anions 6

and 7.  If only ring closed products 8 are obtained, the test is inconclusive, as these

products can also be derived: 1) through a traditional polar pathway, or 2) by electron
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transfer to give radical anion 6, and the bimolecular rate of reaction is fast relative to the

rate of unimolecular ring opening, 6 → 7.

1.2  BACKGROUND

A popular approach for the detection of SET pathways in organic and biorganic

systems has been to incorporate functional groups (i.e., probes) into substrates which

yield rearranged products that can be uniquely ascribed to a free radical or radical anion.

Probe substituents (e.g., cyclopropyl groups) have been utilized extensively to detect

ketyl and ketyl anion intermediates.14,15,30,40  Incorporation of rearrangeable probes diverts

paramagnetic intermediates into different products than would be obtained by a polar

pathway, thereby supporting or refuting the contribution of SET to the reaction system.

It is often assumed that the same structural features which lead to rearrangement

of a free radical will (by analogy) also lead to rearrangement of a radical anion.  In 1990,

our lab demonstrated the pitfalls associated with this assumption.44   Cyclopropylcarbinyl

radical 9 undergoes rapid (k ≈ 108 s-1) and irreversible rearrangement to the homoallyl

radical 10 (Eq 1.3).45

9 10                 (1.3)

The analogous ring opening of the structurally related phenyl cyclopropyl ketyl anion 11

→ 12 (R = H) is nearly eight orders of magnitude slower and reversible with an
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equilibrium constant that favors the ring closed form (Keq = 2 x 10-8, Eq. 1.4).44   As such,

phenyl cyclopropyl ketone would fail to detect a bona fide SET process.

O O

11 12

R R

               (1.4)

These findings established that there were two important factors to consider in the design

of SET probes based upon the cyclopropylcarbinyl → homoallyl rearrangement: a) ring

strain, which provides some of the thermodynamic driving force for rearrangement, and

b) resonance energy, which may help or hinder rearrangement, depending on the specific

system.  For the ring opening of 11 (R = H or alkyl), ring opening is thermodynamically

disfavored because there is a loss of resonance energy associated with ring opening

which the relief of cyclopropyl ring strain does not compensate for.46  Placing radical

stabilizing substituents (R = phenyl or vinyl) on the cyclopropyl group offsets this loss of

resonance energy and ring opening becomes more favorable (k ≈ 106 – 107 s-1 for R =

CH=CH2 or Ph).47,48

Based on the thermodynamic considerations outlined above, spiro[2.5]octa-4,7-

dien-6-one (13c) emerged as an excellent candidate for use as a single electron transfer

probe.  It was envisioned that ring opening of its corresponding radical anion would be

especially facile because in addition to the relief of cyclopropane ring strain, ring opening

generates an aromatic ring (i.e., the resonance energy of the product is greater than that of

the reactant, Eq. 1.5).   Considering that relief of cyclopropane ring strain works in
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conjunction with resonance stabilization to favor rearrangement, exceptionally high

rearrangement rates were anticipated.

O

CH3

CH3

tButBu
e-

o

CH3

CH3

tButBu
Fast

o
tButBu

CH3

CH3

13c         (1.5)

In a preliminary report, ring opening of 13c was found to occur very rapidly

(k > 107 s-1).49 Moreover, 13c promises to be an exceptional probe for SET pathways in

the reactions of nucleophiles with carbonyl compounds as it may allow clear

experimental distinction between SET and polar pathways Scheme 1.5.50 If a polar

pathway were operating, ring opening would result in products in which the nucleophile

was attached to the least hindered carbon.  In contrast, an SET mechanism would be

expected to yield substitution at the most hindered carbon.
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Scheme 1.5
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1.3  DISSERTATION DESCRIPTION

Initial interest in the area of radical anion rearrangements was sparked by several

contradicting reports in the literature regarding the integrity of the cyclopropyl ring in

ketyl radical anions.  Dissolving metal reductions of aliphatic cyclopropyl ketones yields

ring-opened products ascribed to ketyl anion intermediates.51,52,53,54,55  However,

dicyclopropyl ketyl anion is apparently stable enough that its ESR spectrum can be

recorded with no reported difficulty.56

Half-lives of several aryl cyclopropyl ketyl anions were reported to be short and

they decay by a ring opening process.30  Exhaustive electrolysis of phenyl cyclopropyl

ketone, however, yields the pinacol dimer with the cyclopropane rings still intact.57
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Alternatively, dissolving metal reduction of phenyl cyclopropyl ketone yields benzyl

cyclopropane.40c

Because of the disparity of literature results and the fact that cyclopropyl ketones

have been used extensively in mechanistic studies, a thorough investigation into the

cyclopropyl rearrangements of several classes of ketyl anions was desired.  Previous

work has determined that ketyl anions derived from substituted phenyl cyclopropyl

ketones would fail to detect an SET mechanism.44  Via electrochemical techniques, the

rates and products of their ring openings are now well characterized.  Preliminary results

on spirodienone 13c, suggests that ring opening is facile and has shown some success in

the detection of SET pathways in the reactions of nucleophiles with carbonyl

compounds.50

These previous studies include highly conjugated phenyl cyclopropyl ketones and

spirodienone 13c.  A serious study of the interplay between resonance stabilization and

the thermodynamics of ring opening must include less conjugated systems as well (Figure

1.4).   The resonance stabilization of the ring closed form of radical anions from groups I,

II, and III are quite different.  In series II, because little resonance stabilization of the ring

closed radical anion exists, relief of cyclopropane ring strain may in fact be able to

provide a sufficient thermodynamic driving force for the rearrangement.
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Figure 1.4 Ring opening rearrangements of selected radical anions.

The goal of this project was to identify and fully characterize (where possible),

suitable substrates, which upon one electron reduction, undergo rapid and (ideally)

irreversible rearrangement.  To this end, the substrates in Figure 1.4 were investigated via

direct and indirect electrochemical techniques, including cyclic voltammetry (CV), linear

sweep voltammetry (LSV), preparative elctrolysis (PE), and homogeneous catalysis

(HC).
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CHAPTER 2. CATHODIC REDUCTION OF 5,7-DI-T-BUTYL

[2.5]OCTA-4,7-DIENE-6-ONE AND DERIVATIVES

2.1 INTRODUCTION

Previous studies dealing with rearrangements of radical anions derived from

cyclopropyl ketones identified two factors which influence the rate: a) relief of

cyclopropane ring strain (which provides a thermodynamic driving force favoring

rearrangement), and b) the difference in resonance energy associated with the ring-

opened and ring-closed radical anions (which can help or hinder rearrangement,

depending on the specific system).44,46,47  Spiro[2.5]octa-4,7-dien-6-ones 13(a→c) were

selected for study because it was envisioned that ring opening of their corresponding

radical anions would be especially facile because in addition to the relief of cyclopropane

ring strain, ring opening generates an aromatic ring (i.e., the resonance energy of the

product is greater than that of the reactant, Scheme 2.1).   Considering that relief of

cyclopropane ring strain works in conjunction with resonance stabilization to favor

rearrangement, exceptionally high rearrangement rates were anticipated.

Scheme 2.1
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     (c: R1 = R2 = CH3)
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As introduced in section 1.2 and expanded here for clarity, preliminary reports

from our lab demonstrated that the radical anion generated electrochemically from 1,1-

dimethyl-5,7-di-tert-butylspiro[2.5]octa-4,7-dien-6-one (13c): 1) undergoes rapid ring

opening to yield (preferentially) 3o distonic radical anion 16c•−  with a rate constant

estimated to be ≥ 106 s-1,49 and 2) has proven to be an efficient mechanistic “probe” for

distinguishing between SET and conventional polar pathways in reactions of nucleophiles

which historically do and do not react with carbonyl compounds via SET (Scheme 2.2).50

Relief of cyclopropyl ring strain and the resonance stabilization energy gained in the

generation of an aromatic ring provide a tremendous thermodynamic driving force for

this rearrangement (AM1 semi-empirical MO theory estimates ∆Ho for ring opening of

13a to be exothermic by 20 kcal/mol).49  The distinction in mechanism (SET or polar

pathway) is evident in the regiochemistry of the resulting products (Scheme 2.2): an SET

mechanism results in nucleophilic substitution at the most hindered position, while a

polar pathway would preferentially yield substitution at the least hindered position.
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Scheme 2.2
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Given the apparent success of 13c as a mechanistic probe for SET pathways, a

complete characterization of the electrochemical behavior of 13c was desired.  Related

derivatives 13a, 13b, and model compound 17 were also investigated using direct [cyclic

voltammetry (CV), linear sweep voltammetry (LSV), and preparative electrolysis (PE)]

and indirect [homogeneous catalysis] electrochemical techniques to understand better the

chemistry of this intriguing class of compounds.

tButBu
O

R2
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13 (a:  R1 = R2 = H)
     (b :  R1 = H; R2 = CH3)
     (c:  R1 = R2 = CH3)

tButBu
O

CH3 CH3

17
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2.2 RESULTS AND DISCUSSION

2.2.1 Direct electrochemical reduction of 13(a-c).

The cyclic voltammograms (CV's) of 13a, 13b, and 13c are all characterized by an

irreversible reduction wave at approximately -2.4 V (vs. 0.1 M Ag+/Ag at 100 mV/s) and

a reversible (or partly reversible) oxidation wave(s) at ca. -700 mV (Figure 2.1).

-3000-2500-2000-1500-1000-500

E (mV)

I (
m

A
)

O
tButBu

O
tButBu

O
tButBu

Figure 2.1.  Cyclic voltammograms of 13a, 13b, and 13c (0.5 M TBAP in DMF, 0.1 M
Ag+/Ag reference,  ν = 100 mV/s, GCE, 0.003 M in substrate).
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A thorough linear sweep voltammetry (LSV)58  study was conducted (Figures 2.2,

2.3, 2.4, and 2.5) and for all three compounds:  a) the peak potential of the reduction

wave (Ep) varied linearly with the log of the sweep rate, b) Ep was independent of

substrate concentration, and c) the peak width (Ep - Ep/2, the difference between the peak
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Figure 2.2.  LSV analysis of 13a, ∂Ep/∂log ν.  (0.5 M TBAP,  DMF, ν = 0.1 – 1.0 V/s)
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Figure 2.3.  LSV analysis of 13b, ∂Ep/∂log ν.  (0.5 M TBAP, DMF, ν = 0.1 – 1.0 V/s)
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Figure 2.4.  LSV analysis of 13c, ∂Ep/∂log ν.  (0.5 M TBAP, DMF, ν = 0.1 – 1.0 V/s)
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Figure 2.5.  LSV analysis of 13a→c, ∂Ep/∂log CA.  (0.5 M TBAP, DMF, ν = 100 mV/s)

and half-peak potentials) was broad and did not vary as a function of sweep rate or

concentration.  Results are summarized in Table 2.1.   Combined, the observed variation

of Ep with sweep rate and the broadness of the reduction waves are consistent with an EC

mechanism exhibiting rate limiting heterogeneous electron transfer (ks).   Scheme 2.3

depicts an EC process,  wherein neutral 13(a-c) is reduced at the electrode surface to give

radical anion 13•− with rate constant ks (electron transfer, E, step).   Ring opening of 13•−

yields distonic radical anions 16•− and 18•− (chemical, C, step).

Under the conditions of rate limiting heterogeneous electron transfer, the transfer

coefficient (α) can be of critical importance as a measure of transition state location and

criterion for discerning whether the electron transfer step proceeds in a concerted or

stepwise fashion.  Transfer coefficients (α) were calculated from the slope of Ep vs.

log(ν) in accordance with Eq. 1,58 and from the peak width according to Eq. 2.58   Within

experimental error, α values obtained via both procedures were identical (Table 2.1).
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Transfer coefficient values of 0.5 support a discrete radical anion intermediate in the

reduction of 13a, 13b and 13c.    Systems for which electron transfer and bond breaking

are concerted (i.e., dissociative electron transfer) are typically characterized by α values

significantly less than 0.5 (typically < 0.4).59   Saveant has suggested in the reduction of

several arylmethyl halides that substrates possessing transfer coefficients ranging from

0.2 – 0.3 exhibited concerted “electron transfer – halogen cleavage” or dissociative

electron transfer.  While for a similar series of aryl halides, transfer coefficients of  ≥ 0.5

were determined and a stepwise mechanism was proposed.

 A simple representation of the transition between successive and concerted

electron transfer (E) – bond breaking (C) steps is shown in Figure 2.6.  In those systems

characterized by dissociative electron transfer, R-X•− does not exist as a discrete

intermediate (R-X•− exists at a potential energy maximum - point A in Figure 2.6).

Therefore, the R-X bond distance is long (partially broken) in the transition state

represented by point A in Figure 2.6. In a concerted or stepwise mechanism, the radical

anion has a finite lifetime (existing for at least one molecular vibration, and exists at a

potential minimum – point B in Figure 2.6) and the transition state would be shifted more

reactant like.  The R-X bond distance for the concerted mechanism (dotted line) would be

shorter in the transition state than it’s dissociative electron transfer counterpart (solid

line).
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Scheme 2.3
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Table 2.1.  LSV analysis of 13a, 13b, and 13ca

Compound ∂Ep/∂log v

(mV decade-1)

∂Ep/∂log CA
b

(mV decade-1)

Ep-Ep/2

(mV)

αc αc

13a 51.8 ± 4.0 -0.3 ± 2.3 93 ± 5 0.57 ± 0.04 0.51 ± 0.04

13b 54.4 ± 4.0 -0.2 ± 2.5 93 ± 5 0.54 ± 0.04 0.51 ± 0.04

13c 48.5 ± 4.0 -0.9 ± 3.1 90 ± 5 0.61 ± 0.04 0.53 ± 0.04

aDMF solvent, 0.5 M TBAP, ν = 100 - 1000 mV/s.  bν = 100 mV/s  cCalculated based
upon ∂Ep/∂log ν and Eq. 2.1.  cCalculated based upon (Ep - Ep/2) and Eq. 2.2.
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Figure 2.6.  Significance of α:  A measure of transition state location and criterion for

dissociative electron transfer.

Because electron transfer is rate-limiting, neither the reduction potential of these

substrates nor the rate constant for ring-opening of their radical anions could be

determined by direct electrochemical techniques.  However, these experiments help
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establish a lower limit for kc . For an EC process, the competition between heterogeneous

electron transfer (kS) and a follow-up chemical step (kC)60 for kinetic control depends

upon the parameter p (Eq. 2.3).61 Making the assumption that for kinetic control by ks,

log p ≤ -1,61 and using a) the median value for the transfer coefficient determined above

(α = 0.54) and b) typical values for ks and D (e.g., the literatures value for benzoquinone

determined under similar experimental conditions:  D = 1.2 x 10-5 cm2 s-1;

ks = 0.18 cm s-1)62, we estimate that kc ≥ 106 s-1 for ring opening of 13a, 13b, and 13c.  It

should be noted however that this estimate of a lower limit for kc depends strongly on the

heterogeneous rate constant, ks.

[ ] ααααα 2

1

2

1
/12/)1(/

−−





= DkkTRvFnp cs (2.3)

2.2.2 Product analysis from preparative electrolysis of 13(a-c).

Preparative scale (constant current, DMF, 0.2 M TBAP) electrolysis of all substrates,

13(a-c), leads to cyclopropane ring-opened products.  Preparative electrolysis of 13b and

13c were performed by Larry E. Brammer Jr. and Jason Gillmore.  The presence of solely

ring cleaved products validates the assumption that the kinetic information obtained in

cyclic voltammetry experiments reflects a ring-opening process (Scheme 2.4;  Note:

Yields are based on consumed starting material).   Preparative electrolysis experiments

provide additional support for the EC mechanism described in Scheme 2.3, in which

radical anions 16•− and 18•−  undergo a second reduction, dimerization or

disproportionation (Scheme 2.5) to yield, after acidic workup, the final products.  (The
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oxidation wave at -700 mV, Figure 2.1, is assigned to the oxidation of the phenolate

ions)63 A typical reduction of 13a (R1 = R2 = H) gave 48.4% alkane and 31.1% dimer

after the transfer of 2 equivalents of electrons.  The alkene product from

disproportionation of the primary radical ion was not detected.

Scheme 2.4
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Scheme 2.5
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For unsymmetrical radical anions 13b•− and 13c•−, ring opening occurs with

modest selectivity, favoring the more-substituted (stable) distonic radical anion.  Based

upon the yield of products observed in the preparative scale electrolyses, k3/k1 = 9.7 (for

13c•−) and k2/k1 = 1.2 (for 13b•−) (Scheme 2.3).  Product ratios for k3/k1 and k2/k1 were

determined as follows in Scheme 2.6.  After reduction, ring opening can occur to the

more stable radical anion (k2,k3)  or the primary radical anion (k1).  Alkane products (20

and 19) arise from 1o and 2o/3o radical anions 18 and 16, while alkene product 21 arises

from the disproportionation reaction of radical anion 16 as shown in Scheme 2.6.

Product ratios reflect the relative rate constant ratios, and as such k3/k1 and k2/k1  can be

determined. Consistent with the Hammond postulate, this low selectivity suggests an

early (reactant-like) transition state for these ring openings, which is anticipated given

their highly exothermic nature.
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AM1 calculations suggest that ring opening of 13c•− is exothermic by as much as

20 kcal/mol.58  This estimate was based upon the difference in ∆Hf
o's for the ring-opened

and ring-closed forms of the radical anion, and of course, refers to the gas phase.  A

vastly superior procedure for addressing the thermodynamics of ring opening is presented

in section 2.2.5.  These calculations are based partly on experimental solution-phase

measurements for the charged species and avoid the need to calculate any ∆Hf
o's for odd-

electron species using MO theory.
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Scheme 2.6
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Notably, the selectivity observed for ring opening of these radical anions is

remarkably similar to the ring-substituted cyclopropylcarbinyl (neutral) free radicals.  For

example, ring opening of trans-22a leads to 2o and 1o radicals 23a and 24a in a 1.2:1
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ratio (Scheme 2.7),64 a value identical to that observed for 13b•−.  Dimethyl-substituted

radical 22b leads to 3o and 1o radicals 23b and 24b in a 6.7:1 ratio (Scheme 2.7),64 vs.

9.7:1 observed for 13c•−.  Ring opening of neutral radicals 22a and 22b occurs with rate

constants greater than 108 s-1.  We anticipate that the similar selectivity observed for of

13b•− and 13c•−  will be reflected in rate constants for ring opening of the same order of

magnitude.

Scheme 2.7
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2.2.3 Indirect electrochemistry of 13(a-c).

Homogeneous redox catalysis65 is a powerful technique for studying the chemistry of

highly reactive intermediates produced via electron transfer.  Consider the reactions

depicted in Scheme 2.8.  Rather than the substrate A, an electron-transfer mediator or

catalyst M  is reduced at the electrode surface.  (In order for this condition to be met, the
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mediator must be more easily reduced than the substrate, i.e., Eo
A/B < Eo

M/M•−).  Reduction

of the substrate occurs via electron transfer from the reduced form of the mediator (M •−).

Scheme 2.8
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In this manner, the reference is taken away from the electrode and placed on the

reversible 1e− reduction of a compound with a known Eo.  Effects of substrate addition on

this reversible electron transfer are manifested experimentally by an increase in peak

current and a loss of reversibility (if catalysis is occurring).  The key experimental

observable is the current ratio ip/ipd, where ip and ipd are the voltammetric peak currents of

the mediator in the presence and absence of the substrate, respectively, at a particular

value of γ (the ratio of the substrate to mediator concentrations, Co
A/Co

M).

Savéant et al. introduced the dimensionless rate constants λ1, λ2, and λ defined

below (Eqs. 2.4 → 2.6, where ν is the sweep rate in V s-1 and R,T and F have their usual

meanings).65   Published working curves are available which depict the current ratio ip/ipd

a) as a function of log(λ1)  when the electron transfer step (k1) is rate limiting, or b) as a

function of log(λλ1/λ2)  when the chemical step (k2) is rate limiting.65
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λ1 = (k1C
o
M/ν)(RT/F) (2.4)

λ2 = (k2C
o
M/ν)(RT/F) (2.5)

λ = (k/ν)(RT/F) (2.6)

As noted above, kinetic control may be governed by either the homogeneous electron

transfer step (k1) or the chemical step (k, Scheme 2.8).  If the rate of the chemical step is

faster than back electron transfer (k > k2 [M ]), then the electron transfer step is rate

limiting and k1 can be determined experimentally.  If the chemical step is slow relative to

back electron transfer (k < k2 [M ]), the chemical step is rate limiting with the electron

transfer step as a rapid pre-equilibrium.  Under these conditions the composite rate

constant kk1/k2 can be determined.  (Because log(k1/k2) = 2.303F/RT(EOM/M•− – Eo
A/B), k

can be extracted if the reduction potential of the substrate is known).

Though similar in appearance, different working curves pertain to these two

conditions, and it is critical to accurately assess whether the kinetics are governed by the

electron transfer or chemical step.  For rate limiting electron transfer, the current ratio is a

function of γ and λ1, the latter of which is related to the mediator concentration (Eq. 2.4).

For rate limiting chemical step, ip/ipd  is a function of γ and λλ1/λ2, and is concentration

independent at constant γ (Eqs. 2.4 → 2.6).  Thus, the distinguishing characteristic

between these two rate limiting conditions is the effect of mediator concentration (Co
M)

on ip/ipd at constant γ and ν.  Peak current ratio varies as a function of mediator

concentration only when the electron transfer step is rate limiting.
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The reduction of 13a, 13b, and 13c by several mediators was studied.  Because of

the limited quantity of these substrates available (they are not commercially available), it

was more economical to examine the current ratio ip/ipd  as a function of sweep rate and

mediator concentration at constant excess factor γ (rather than  by varying γ and keeping

sweep rate constant).  As can be seen from Eqs. 2.7 and 2.8, at constant γ, ip/ipd  is a

function of log(Co
M /ν) (when electron transfer is rate limiting) or log(1/ν) when the

chemical step is rate limiting.  Our approach was to obtain the voltammograms of several

mediators in the absence and presence of 13a, 13b, and 13c.  By comparing plots of

[ ip/ipd  vs.  log (1/ν) ] and  [ ip/ipd vs.  log (CM
o/ ν) ] obtained at different concentrations of

mediator (γ constant), any concentration dependence is readily apparent.  In Figure 2.7,

the plot of   [ ip/ipd  vs.  log (1/ν) ] contains 3 sets of data illustrated as 3 discrete curves.

When the concentration of each experiment is removed as represented in the plot of

[ ip/ipd vs  log (CM
o/ ν) ], the 3 separate curves converge on 1 data set, indicating there

was a concentration dependence on ip/ipd.  The remainder of experimental data is

presented in section 2.4.  For 13a, 13b, and 13c, over the range of mediators examined,

ip/ipd was found to vary as a function of mediator concentration (at constant γ).  For all

these substrates, electron transfer was determined to be the rate limiting step. Therefore,

conditions must exist where k > k2 [M ].  A lower limit on the rate constant k can be

established by estimating the quantity k2 [M ].  The reverse electron transfer rate constant

k2  (Scheme 2.8) is closely approximated by the diffusion rate constant 1x1010 of a

bimolecular reaction in DMF, especially in those electron transfers that are sufficiently

endergonic in the forward electron transfer.  The mediator concentration limit in this
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series of experiments is ≅ 0.001 M.  The product of these is 1x107 and suggests that the

rate constant for the chemical step (ring opening) must be greater than 107 s-1.
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Figure 2.7.  Mediated reduction of 13a by 4-cyanopyridine  (DMF, GCE, 0.5 M TBAP,

ν = 0.1 – 5 V s-1, γ =1.00; Dashed line is the working curve for rate-limiting ET, x’ =

0.722  ± 0.017)
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Kinetics of these systems were further complicated by a competing bimolecular

reaction between M •− and the product of the chemical step (C, i.e., the ring-opened

distonic radical anion) as described in Scheme 2.9.  Coupling reactions between alkyl

radicals and aromatic anion radicals are known to be fast and nearly diffusion-

controlled.66  For example, the rate constant for the coupling reaction between sodium

naphthalene radical anion and the 1-hexenyl radical has been reported by Garst et al.  To

be 2 x 109 M-1s-1.  A similar value of 1 x 109 M-1s-1 has been obtained by Pederson and

Lund in reactions between electrogenerated aromatic anion radicals and ‘radical clocks’

in N,N-dimethylformamide.  This competition between addition to the mediator (EC-add

step) and the second electron reduction (ECE mechanism) must be considered in the

overall reaction profile and introduces a new kinetic parameter ρ,  where ρ =

ket/(kadd+ket).  The parameter ρ reflects the fraction of C which adds to the mediator.  A

treatment of this problem and the appropriate theoretical working curves have been

published by Savéant.67

Scheme 2.9

k
B C Chemical step 

Adduct EC-Add.

ECEM+ +D MC
ket

kadd
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Previously published working curves dealing with addition to the catalyst express

ip/ipd as a function of γ.67  In the experiments contained in this dissertation, however, ip/ipd

was measured at various sweep rates at constant γ.  It was thus necessary to derive the

appropriate working curves (21 plots of ip/ipd vs log(λ1) at γ = 1.00 for ρ = 0.00 to 1.00 in

0.05 increments) via digital simulation.68  These working curves were subsequently fit to

a polynomial of the form y=(a+cx+ex2+gx3+ix4)/(1+bx+dx2+fx3+hx4+jx5), where the

coefficients a → j were determined for each working curve.69  Via non-linear

regression,69  the experimental data [ip/ipd vs  log (CM
o/ν)] were fit to the polynomial form

of the working curves, y = f(x + x’), and the adjustable parameter x’ = log (k1RT/F) was

determined.  The parameter ρ was determined by the working curve which gave the best

fit to the experimental data and k1 was determined from x’.  A representative fit of the

experimental data is provided in Figure 2.7, with the remainder of data treatment

provided in section 2.4.  Table 2.2 summarizes the values of k1 obtained for reduction of

13a, 13b, and 13c by a series of mediators.  For all mediators examined, ρ = 0.00 ±

0.025, indicating that radical anion/distonic radical anion coupling kadd (Scheme 2.11) is

fast relative to ket and that our system is decidedly not catalytic. Literature ρ values

determined from the reactions of the mediators in Table 2.2 with 1o, 2o, and 3o alkyl

halides R-X (X = Cl, Br, I)95  give ρ = 0.0 ± 0.1.  It is important to note two trends present

in the data 1) rate constants increase with increasing reducing power of the mediator

radical anion and 2) rate constants increase with alkyl substitution on the cyclopropyl

ring.
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Table 2.2.  Rate constants for homogeneous electron transfer between the reduced form

of the mediator and 13a, 13b, and 13c (0.5 M TBAP/DMF)

k1 (M
-1 s-1)

Mediator Eo (V)(a) 13a 13b 13c

flouranthene -2.150 (b) 2.8 (±0.2) x 102 8.4 (±0.5) x 102(c)

4-cyanopyridine -2.168 2.1 (±0.1) x 102 4.6 (±0.2) x 102(c) 1.2 (±0.1) x 103(c)

cyanonaphthalene -2.246 5.6 (±0.3) x 103 7.9 (±0.5) x 103 2.0 (±0.2) x 104(c)

9,10-
diphenylanthracene

-2.250 7.2 (±0.5) x 103 9.7 (±0.6) x 103 2.8 (±0.2) x 104(c)

9-phenylanthracene -2.291 2.4 (±0.1) x 104 3.3 (±0.3) x104 1.0 (±0.1) x 105

anthracene -2.337 5.3 (±0.7) x 104 3.1 (±0.5) x 105 (b)

9-methylanthracene -2.359 2.4 (±0.3) x 105 3.5 (±0.6) x 105 (b)

(a)vs. 0.1 M AgNO3/Ag, (b)these rate constants not available under conditions of γ=1,
either the system is not sufficiently catalytic or EO

M/M•− ≅ Eo
A/B (c)performed by P. Swartz

and D. Berger and published in Phillips, J.P.; Gillmore, J.G.; Swartz, P.; Brammer,
L.E.Jr.; Berger, D.J. and Tanko, J.M., J. Am. Chem. Soc. 1998, 120, 195.

2.2.4. Estimates of the reduction potentials of 13a, 13b, and 13c using Marcus
theory

Several theories which relate the rate constant for electron transfer to the driving

force exist, the preeminent of which is Marcus theory70.  The physical model of the

Marcus approach is represented by two spheres A and D (radii r1 and r2, charges Z1 and

Z2, in a dielectric medium, D)  which first must diffuse together to form an encounter (or
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precursor) complex.  After electron transfer, the products diffuse from the successor

complex (A•− D•+, Scheme 2.10).

Scheme 2.10
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The Franck-Condon principle states that electron transfer is faster than any

nuclear movement.  Therefore, the donor and acceptor energy levels must be made equal

to ± RT prior to electron transfer.  This barrier to electron transfer, or reorganization

energy, is represented by λ and has an internal and external component.  The internal

contribution is described by a harmonic oscillator model (bond stretching/compression,

angle deformation, and torsional movements) and the external portion can be represented

by a dielectric continuum model for solvents (solvent reorganization, electrostatic

changes around the reactants).  The Marcus equation (2.9) represents the free energy of

activation/intrinsic barrier of the transition state.  The first term is a work term, W, and

represents the loss or gain in electrostatic free energy in forming the precursor complex.
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In systems where one reactant is neutral, W = 0.  And, ∆Go’ = ∆Go in cases where Z1 = Z2

+ 1.  Equation 2.9 is related to an experimentally derived quantity through the Eyring

equation 2.10, assuming adiabatic conditions.   By combining equations 2.9 and 2.10 and

substituting into the kinetic expression derived for the formation of products in Scheme

2.12, the final form of the Marcus equation used in data analysis is presented as equation

2.11.  (Assuming kd = 1 x 1010 M-1s-1 (the diffusion-controlled rate constant in DMF), Kd

= 0.16 M-1,72 and the frequency factor Z = 6 x 1011s-1).
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Eq. 2.11 relates the rate constant for electron transfer (kobs) to the free energy of

the reaction (∆Go  = F(EM/M•− - EA/B)) and the reorganization energy (λ).71,72  From left to

right, the three terms in Eq. 2.11 represent different kinetic regimes (Figure 2.8):

diffusion-controlled (I ), activation-controlled (II ), and equilibrium (or counter-diffusion-

controlled) (III ), for which the slopes of the log(kobs) vs. EM/M•− plots are zero,

-αF/(2.303RT) = -8.5 V-1 for α = 0.5, and -F/(2.303RT) = -16.8 V-1, respectively.

Plateau regime I  represents slightly endergonic reactions where kd predominates.  kel

controls kobs in regime II .   The linear portion III  contributes significantly only when k-el

is competitive with k-d.

In Figure 2.9, the log of rate constants for electron transfer (k1) determined for the

reactions of 13a, 13b and 13c with a series of mediators are plotted against the reduction

potentials of the mediators (Eo
P/Q).  For 13a, 13b, and 13c, the slopes are –14.8, -15.5,

and –15.2 V-1 respectively, suggesting mixed kinetic control from regions II  and III .

Equation 2.1272  allows an estimation of the borderline between region II  and III .  Using

λ = 16 kcal/mol (average for series 13a→c, vide infra), k-d = 1 x 1010 s-1, and Z = 6 x 1011

s-1, a ∆Go  ≤  0.17 V is obtained.  Catalysts  with Eo values more positive than the

substrate by 0.17 V (-2.387 V vs AgNO3/Ag) would be largely under the influence of

regime III .  Clearly, this covers the majority of the catalysts used in this study.  However,

based on the fact that the most negatively reduced of these catalysts fall near this border

and the slope of the [log k vs Eo
M/M

•−] plot, the possible contribution from region II

cannot be ignored.

( )[ ] )12.2()/log78.112.91( 21' λλ d
o kRTG −−−≤∆
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Figure 2.10.  Eo
A/B and λ derived from fit of log rate constant data to Eq. 2.11, see text.

The rate constants in Table 2.2 were fit to Eq. 2.11 via non-linear regression

analysis,69 with Eo
A/B and λ as the only adjustable parameters.  An excellent fit was
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achieved in all cases (the dotted lines in Figure 2.10 represent the predicted values based

upon this treatment), and Eo’s and λ values were obtained (Table 2.3).

Table 2.3.  Reduction potentials and reorganization energies for 13a, 13b, and 13c

Compound Eo (V )a λ (kcal/mol)

13a -2.599 ± 0.011 17 ± 2

13b -2.588 ± 0.005 15 ± 1

13c -2.557 ± 0.005 17 ± 1

17 -2.574 ± 0.004 ---

avs. 0.1 M Ag+/Ag

Reorganization energy (λ) values derived for 13a, 13b, and 13c are reasonable,

considering the molecular functionality involved in these reactions (i.e., electron transfer

from an aromatic hydrocarbon to a conjugated ketone) suggesting that there is not an

additional contributor (such as bond lengthening or bond angle changes) to the overall

reorganization energy associated with these electron transfers.  This provides additional

indication that ring opening occurs after electron transfer and these radical anions exist as

discrete intermediates.

Eo values derived from this analysis warrant further discussion.  It is especially

noteworthy that the derived Eo's for 13(a-c) compare favorably to model compound 17.

The CV of 17 (experiment performed by Dan Berger) is characterized by a fully

reversible, one-electron reduction wave from which Eo
17/17•− was determined directly

(Eo
17/17•− = -2.574 V vs. 0.1 M Ag+/Ag).73  This agreement suggests that the assumptions
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of this analysis are correct (i.e., electron transfer is under mixed kinetic control), and thus

provides additional evidence that electron transfer is stepwise, not concerted).  Within

experimental and statistical error, the Eo values obtained for 13a, 13b, and 13c are

different.  This same difference is also reflected in the individual rate constants obtained

for any mediator (Table 2.2).  With increased alkyl substitution on the cyclopropyl group,

electron transfer becomes kinetically and thermodynamically more favorable.  These

observations can be nicely explained in light of the conjugative properties of the

cyclopropyl group,74 depicted using resonance structures in Scheme 2.11, which stabilize

the radical anion.  Contribution of resonance form (iii) to the resonance hybrid is

expected to be important because of it's aromatic character,75 and should be greater for R

= CH3 compared to R = H.

Scheme 2.11

O

R R R
R R R

O O

(i) (ii ) (iii )

2.2.5  Thermodynamics of ring opening for 13a•−, 13b•−, and 13c•−

∆Go for ring opening of 13a•−, 13b•−, and 13c•− can be determined utilizing the

thermochemical cycle depicted in Scheme 2.12  (∆Go = ∆Go
BD(C-C) + F(Eo

13/13•−  -

Eo
ArO•/ArO−).  Three thermodynamic values are needed to solve for ∆Go 1) the standard

potential of the spiro[2.5]octa-4,7-dien-6-one (Eo
A/B obtained in this study,  Table 2.3), 2)
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the standard potential of the ArO•/ArO− couple (estimated to be -0.680 V based upon the

cyclic voltammogram of 2,4,6-tri-t-butyl phenoxide anion),63 and 3) the strength of the C-

C bond of the cyclopropyl group (∆Go
BD(C-C)).  It is assumed that ∆S for this

unimolecular process is small and ∆Go
BD(C-C) ≈ BDEC-C.  This procedure for estimating

∆Go for ring opening is especially attractive because the pertinent reduction potentials

used in this analysis were obtained in this laboratory and should adequately account for

any effect of solvent and/or electrolyte.

Scheme 2.12

13 13  +   e

13

O

R2

R1

5

5   +   e 16

+F Eo
13/13

-F Eo
ArO   /ArO

13 16 ∆Go

∆Go
BD(C-C)

The strength of the cyclopropyl C-C in 13a, 13b, and 13c was estimated according to

Scheme 2.13, where ∆Hf
o's for the pertinent species were obtained using semi-

empirical molecular orbital theory (PM3, details are provided in section 2.4),76 and

literature values for the bond dissociation energies:  BDE(PhO-H) = 90.4 kcal/mol,77
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BDE(1oC-H) = 100.0 kcal/mol, BDE(2oC-H) = 98.5 kcal/mol, and BDE(3oC-H) = 95.6

kcal/mol.78  We assume that these calculated values for BDE(C-C) are the same in the

gas phase and in solution.79  Results of this analysis are summarized in Table 2.4.

Scheme 2.13

H2   +

O

R2

R1

OH

R2

R1

H

∆Ho = ∆Hf
o(19) - ∆Hf

o(13)

1913

=BDE(H2) + BDE(C-C) - BDE(OH) - BDE(C-H)

∆Ho

Table 2.4.  Estimated ∆Go for ring opening of 13a•−, 13b•−, and 13c•−

Reaction ∆Go (kcal/mol)

13a•− → 18a•− -11.2

13b•− → 16b•− -13.2

13b•− → 18b•− -10.0

13c•− → 16c•− -13.3

13c•− → 18c•− -5.3
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2.3 CONCLUSIONS

Radical anions derived from 13a, 13b, and 13c undergo facile ring opening, with

rate constants ≥ 107 s-1.  Based upon the values of α observed in the direct

electrochemistry of these compounds, the reorganization energy (λ) derived from the

mediated reductions, and the fact that the derived Eo's closely match model compound 17,

we conclude that these radical anions have a finite lifetime (i.e., electron transfer and ring

opening are not concerted).  For unsymmetrical radical anions 13b•− and 13c•−, ring

opening yielded preferentially the more substituted (stabilized) distonic radical anion.

These results also provide evidence for stabilization of these radical anions via

conjugative interactions with the cyclopropyl group, decreasing in the order 13c•− > 13b•−

> 13a•−.  Both the rapid rate and selectivity associated with the ring opening of these

radical anions can be exploited in the utilization of these substrates as "probes" for single

electron transfer.
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2.4 GRAPHICAL ANALYSIS AND SUPPLEMENTAL PLOTS
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Figure 2.11.  Mediated reduction of 13c with 9,10-diphenylanthracene. (DMF, GCE,
TBAP, ν = 0.025 – 10 V/s)
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±  0.026)
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Figure 2.13.  Mediated reduction of 13c with 4-cyanopyridine. (DMF, GCE, TBAP, ν =
0.1 – 85 V/s)
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Figure 2.15.  Mediated reduction of 13c with 1-cyanonaphthalene. (DMF, GCE, TBAP,
ν = 0.10 - 40 V/s)
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Figure 2.17.  Mediated reduction of 13c with fluoranthene. (DMF, GCE, TBAP, ν =
0.025 - 100 V/s)
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Figure 2.18.  Non-linear fitting of results for 13c + fluoranthene (x’ = 1.333 ± 0.028)
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Figure 2.19.  Mediated reduction of 13c with 9-phenylanthracene. (DMF, GCE, TBAP,
ν = 0.1 - 30 V/s)
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Figure 2.20.  Non-linear fitting of results for 13c + 9-phenylanthracene (x’ = 3.424 ±
0.039)
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Figure 2.21.  Mediated reduction of 13b with 9-phenylanthracene.  (DMF, GCE, TBAP,
ν = 0.1 - 30 Vs-1)

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

-4.25 -3.75 -3.25 -2.75 -2.25 -1.75 -1.25

log λ1 

ip
/ip

d

r2 = 0.977

ρ = 0

Figure 2.22.  Non-linear fitting of results for 13b + 9-phenylanthracene (x’ = 2.932 ±
0.031)



58

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

-2 -1.5 -1 -0.5 0 0.5 1 1.5

-log v

ip
/ip

d

0.005

0.002

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

-4.3 -3.8 -3.3 -2.8 -2.3 -1.8 -1.3

-log(v/Co)

ip
/ip

d

0.005

0.002

Figure 2.23.  Mediated reduction of 13b with 9,10-diphenylanthracene.  (DMF, GCE,
TBAP, ν = 0.1 - 30 V/s)
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Figure 2.24.  Non-linear fitting of results for 13b + 9,10-diphenylanthracene (x’ = 2.398
± 0.027)
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Figure 2.25.  Mediated reduction of 13b with anthracene.  (DMF, GCE, TBAP, ν =
0.025 - 20 V/s)
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Figure 2.26.  Non-linear fitting of results for 13b + anthracene (x’ = 3.904 ± 0.067)
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Figure 2.27.  Mediated reduction of 13b with cyanonaphthalene.  (DMF, GCE, TBAP,
ν = 0.1 - 30 V/s)
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Figure 2.28.  Non-linear fitting of results for 13b + cyanonaphthalene (x’ = 2.305 ±
0.028)
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Figure 2.29.  Mediated reduction of 13b with 4-cyanopyridine.  (DMF, GCE, TBAP, ν =
0.1 - 30 V/s)

1

1.1

1.2

1.3

1.4

1.5

1.6

-4 -3.5 -3 -2.5 -2 -1.5 -1

log λ1

ip
/ip

d

r2 = 0.968

ρ = 0

Figure 2.30.  Non-linear fitting of results for 13b + 4-cyanopyridine (x’ = 1.072 ± 0.022)
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Figure 2.31.  Mediated reduction of 13b with fluoranthene.  (DMF, GCE, TBAP, ν = 0.1
- 30 V/s)
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Figure 2.32.  Non-linear fitting of results for 13b + fluoranthene (x’ = 0.855 ± 0.028)
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Figure 2.33.  Mediated reduction of 13b with 9-methylanthracene.  (DMF, GCE, TBAP,
ν = 0.1 - 30 V/s)
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Figure 2.34.  Non-linear fitting of results for 13b + 9-methylanthracene (x’ = 3.952 ±
0.072)
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Figure 2.35.  Mediated reduction of 13a with 1-cyanonaphthalene. (DMF, GCE, TBAP,
ν = 0.1 – 30 V/s)
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Figure 2.36.  Non-linear fitting of results for 13a + 1-cyanonaphthalene (x’ = 2.159 ±
0.022)
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Figure 2.37.  Mediated reduction of 13a with 9-methylanthracene. (DMF, GCE, TBAP,
ν = 0.1 - 30 V/s)
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Figure 2.38.  Non-linear fitting of results for 13a and 9-methylanthracene (x’ = 3.783 ±
0.062)
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Figure 2.39.  Mediated reduction of 13a with 9-phenylanthracene. (DMF, GCE, TBAP,
ν = 0.1 - 30 V/s)
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Figure 2.40.  Non-linear fitting of results for 13a and 9-phenylanthracene (x’ = 2.786 ±
0.013)
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Figure 2.41.  Mediated reduction of 13a with 9,10-diphenylanthracene.  (DMF, GCE,
TBAP, ν = 0.1 - 30 V/s)
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Figure 2.42.  Non-linear fitting of results for 13a and 9,10-diphenylanthracene (x’ =
2.269 ± 0.027)
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Figure 2.43.  Mediated reduction of 13a with anthracene.  (DMF, GCE, TBAP, ν = 0.1 -
30 V/s)
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Figure 2.44.   Non-linear fitting of results for 13a + anthracene (x’ = 3.129 ± 0.062)
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Table 2.5.  Comparison of experimental vs. calculated heats of formation of several

cyclopropyl-containing compounds

Compound ∆Hf
o (expt.)a ∆Hf

o (AM1)a ∆Hf
o (PM3)a

phenylcyclopropane 36.02b 44.02 42.55

cyclopropane 9.392c

12.74d

17.78 16.27

1,1-dimethylcyclopropane -1.97e 5.68 0.775

cyclopropyl methyl ketone -27.56f -20.16 -25.01

vinylcyclopropane 30.4g 34.95 33.84

spiro[2.4]hepta-4,6-diene 56.8g 69.02 59.29

1,1-divinylcyclopropane 48.2g 53.13 52.46

average error --- 7.1 3.6

akcal/mol.  bReference 80.  cReference 81.  dReference 82.  eReference 83.  fReference 84.
gReference 85

Table 2.6.  Calculated BDE(C-C) based upon Scheme 2.13

Compound ∆Hf
o(1)a ∆Hf

o(5)a ∆Hf
o(5’)a BDE(C1-C3)a BDE(C2-C3)a

1a (R1=R2=H) 17.58 -35.59 --- 33.9 33.9

1b (R1=H, R2=CH3) 11.03 -41.05 -40.27 32.6 35.8

1c (R1=R2=CH3) 3.71 -46.23 -4.49 31.9 39.9

akcal/mol.
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CHAPTER 3: CATHODIC REDUCTION OF CYCLIC ALIPHATIC KETONES:

CYCLOPROPYL METHYL KETONE, 1-ACYL-2,2-DIMETHYL

CYCLOPROPANE AND CYCLOBUTYL METHYL KETONE

3.1 INTRODUCTION

A second facet of this research focused on the cathodic reduction of aliphatic

cyclopropyl ketones.   There are conflicting reports in the literature regarding the

integrity of the cyclopropyl ring in aliphatic ketyl radical anions. The ketyl anion

generated from dicyclopropyl ketone is reported to be sufficiently stable such that it’s

ESR spectrum can be recorded without any difficulty.56  However, other reports indicate

that radical anions produced from dissolving metal reductions of aliphatic cyclopropyl

ketones yield ring-opened products, which are ascribed to the rearrangement of ketyl

anions.51,52,53,54,55

Reduction of methyl cyclopropyl ketone by sodium in liquid ammonia with

ammonium sulfate was reported to give a mixture of 2-pentanone

O O OH

Na/NH3
(NH4)2SO4

+

(3.1)

and 2-pentanol (Equation 3.1)86.  In a detailed analysis, Norin showed that for dissolving

metal reductions the ring-opening of aliphatic cyclopropyl ketones occurs in a highly

stereospecific manner.87  The cyclopropane bond that it cleaved is the one that has the

maximum overlap of the Walsh orbitals with the π orbital of the carbonyl group.
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O

CH3

H

Figure 3.1 Walsh orbital overlap for cyclopropyl methyl ketone

In cyclopropyl rearrangements, geometric requirements of rigid systems have

been confirmed, and the importance of electronic vs. steric factors were investigated.88  In

fact, dissolving metal (Li/NH3) reduction of aliphatic cyclopropyl ketones is now a

classic procedure for introducing angular methyl groups in steroid synthesis (Equation

3.2).88

O O

Li
NH3

           (3.2)

Samarium iodide (SmI2)  has emerged as an efficient reagent for ketyl anion

generation from aliphatic cyclopropyl ketones (Eo = -1.55 V vs. SCE for Sm+3 + e- →

Sm+2).17  Molander reported in 1991 that reduction of ketone 25 with SmI2 yields ring-

opened product 26 in 81% overall yield (Equation 3.3).89
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O O
CH3CH2

25

SmI2
Fe(DBM)3
THF (t-BuOH)

26            (3.3)

Bately and Motherwell have reported other interesting SmI2 reductions of

aliphatic cyclopropyl ketones.90  These reductions involve subsequent addition of the

ring-opened radical anion onto a remote C=C or C≡C, forming a new cyclic (e.g.,

Equation 3.4).  Interestingly, researchers were also able to alkylate ring-opened enolate

anion intermediates with electrophilic reagents.  Analogous SmI2 induced ring openings

of cyclopropyl esters were reported in 1994 by Imamoto, Hatajima, and Yoshizawa.91  In

summary, ring-opening reactions involving C=O are sensitive to stereoelectronic factors

(i.e., the rupturing C-C bond must properly overlap with the π system of C=O) and they

are reported to involve ketyl anion intermediates.

O O

(57%)

SmI2
THF (DMPU)

          (3.4)

Cathodic reduction of aliphatic ketones can be more complex.  Reduction of
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aliphatic ketones in aprotic organic solvents occurs at potentials that are too negative to

exhibit meaningful (if any) voltammetric waves, and therefore standard reduction

potentials are unknown.  In addition, the effects of counter ion/electrolyte and solvent on

radical anion rearrangements are not well understood.

Mairanovskii and coworkers reported that the preparative polargraphic reduction

of cyclopropyl methyl ketone yields 2-pentanone, exclusively.92  These findings support

the notion that radical anion intermediates generated electrochemically, instead of

chemically, can be equally reliable at yielding ring-opened products.  The wealth of

information regarding the reliability of cyclopropyl ring openings in aliphatic cyclopropyl

ketones suggested that without extended conjugation in the ring-closed radical anion,

relief of cyclopropane ring strain may in fact be able to provide a sufficient

thermodynamic driving force for the rearrangement.  (AM1 semi-empirical MO theory

estimates ∆Ho for ring-opening of methyl cyclopropyl ketone radical anion to be

exothermic by 15 kcal/mol, and to increase with methyl substitution on the cyclopropyl

ring, see Table 3.1)93   One of the goals of this project was to develop and characterize

suitable substrates which upon one electron reduction undergo rapid and irreversible

rearrangement.  Compounds 14a and 14b appeared promising and a full mechanistic

profile of their cathodic reduction was pursued.

Me
R

R

O

14a (R=H)
14b (R=Me)
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3.2 RESULTS AND DISCUSSION

3.2.1 Direct electrochemical reduction of 14a and 14b.

Cyclic voltammetry of aliphatic cyclopropyl ketones is problematic

at best.  Reduction occurs at the solvent limit, the point at which the cell solution

becomes susceptible to cathodic reduction resulting in a significant amount of

background current.  The cyclic voltammogram of cyclopropyl methyl ketone shown in

Figure 3.2 is characterized by a small wave attributable to the reduction of substrate

superimposed on a large background current attributable to solvent/electrolyte

decomposition.  At low concentrations and slow sweep rates it is possible to generate the

small voltammetric response shown.  As concentration or sweep rate is increased, the

peak potential is quickly shifted into the background response.  Because of these

complications, a thorough linear sweep voltammetry study could not be conducted.

A gross estimation of peak width was made (~106 mV) and kinetics for this

system, analogous to that observed for spiro series 13(a-c), were projected to be

controlled by the heterogeneous electron transfer step.  An α value was determined (α =

0.45) based upon the peak width in accordance with Equation 2.2  (For a detailed

discussion of the significance of α see Chapter 2).   A value of 0.45 suggests that

although the radical anion may be found to rearrange rapidly, it does have a discrete

lifetime.  The linear sweep voltammetry of 1-acyl-2,2-dimethyl-cyclopropane was not

attempted.   Given the complications associated with the direct electrochemical reduction

of aliphatic ketones, neither the reduction potentials of these substrates nor the rate
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constants for ring-opening of their radical anions could be determined from direct

electrochemical analysis.
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Figure 3.2  Cyclic voltammogram of 14a.  (0.5 M TBAP in DMF, 0.1 M Ag+/Ag

reference, v = 100 mV/s, GCE, 0.003 M in substrate)

3.2.2 Product analysis from preparative electrolysis of 14a and 14b.

Miller and Mahachi demonstrated that functional groups which do

not exhibit voltammetric waves can, nevertheless, be preparatively reduced (employing

very negative potentials, large excess of charge, tetralkylammonium electrolytes, and a

mercury cathode).94  However, for this study a mediated reduction using biphenyl radical

anion was attempted for cyclopropyl methyl ketone 14a (Equation 3.5).  After passage of

1 eq. of electrons (Eo constant = -3V vs. AgNO3/Ag) and acidification, 2-pentanone was

obtained in 34% yield, with 60% unreacted starting material.  A small amount of addition

products (1 major)  were detected (1H NMR, GC/MS; included in section 3.4) but were
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not individually isolated.  1H NMR indicates a substituted biphenyl and a cleaved

cyclopropane ring.  Potential structures are offered, (27(a, b)), but no effort was made to

completely discern adduct connectivity.   In summary, preparative electrolysis results

collaborate previous reports of  Mairanovskii and coworkers and support the notion that

in a mediated reduction adduct formation (to some defined extent) is expected.

O O

+ Adducts

34% ~ 4%

1 eq e-, Biphenyl, TBAP

DMF, RT, Constant E o

60%      (3.5)

H

H
O (MS = 240 amu)

(MS = 242 amu)

H

H
OH

27a

27b

Preparative reduction of 1-acyl-2,2-dimethylcyclopropane (14b) (Equation 3.6)

gave a mixture of 4,4-dimethyl-2-pentanone and 5-methyl-2-hexanone after 0.4 eq of
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O O

+

3%

0.4 eq e-, TBAP

NMP, RT, Constant I

O

7%

3% 8%

Experiment 1

Experiment 2

91%

80%      (3.6)

electrons.  A mediated reduction, as in the case of 14a, was not attempted due to the

likelihood of an increased amount of adduct formation.  The radical anion of 14b has the

potential to rearrange to the primary (k1) or tertiary (k3) distonic radical anions shown in

Scheme 3.1, and tertiary radicals are known to add to the mediator radical anion more

readily than primary radicals.97,95

Scheme 3.1

O
O

O

k1

k3
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Scheme 3.2

k1

k3

22

23

24

Ring opening occurs with only slight preference for the more-substituted (stable)

distonic radical anion.  Based upon the yield of products observed in the preparative-scale

electrolysis, k3/k1 ≅ 2.5 (Scheme 3.1 and Equation 3.6).  Dauben and Wolf obtained

similar results (k3/k1 ≅ 3.1) in 1970 with Li/NH3 as the reducing agent.96  For comparison,

the dimethyl-substituted radical 22b leads to 3o and 1o radicals 23b and 24b in a 6.7:1

ratio (Scheme 3.2) vs. 2.5:1 for 14b, and 9.7:1 observed for spiro compound 13c (Chapter

2).  Less selectivity is observed for ring opening of 14b than for the neutral radical or the

spiro compound 13c from Chapter 2.  Invoking the Hammond postulate, this low

selectivity suggests a more reactant like transition state for these ring openings.  Ring

opening of 22 occurs with a rate constant greater than 108 s-1.  The rate constant for ring

opening of 14b is expected to be of similar magnitude.

AM1 calculations suggest that ring opening of 14a•− is exothermic by 15

kcal/mol, and increases to 25 kcal/mol for 14b•− (Table 3.1).
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Table 3.1  AM1-calculated enthalpies of reaction for the ring opening of 14a, 14b, and

28.93

O O

O O

O O

Reaction ∆Hro (kcal/mol)

-15

-25

-1

As in the case of the spiro series 13(a-c), these estimates were based upon the difference

in ∆Hf
o’s for the ring-opened and ring-closed forms of the radical anion, and refer to the

gas phase.

3.2.3 Indirect electrochemistry of 14a and 14b.

The reduction of 14a and 14b by several mediators was studied.  As in previous

experiments, the current ratio ip/ipd  was examined as a function of sweep rate and

mediator concentration at constant excess factor γ (γ = 1 unless otherwise noted).  Figure

3.3 illustrates the effects of added substrate (ip) to the cyclic voltammogram of biphenyl

(ipd).  The increased current and loss of reversibility are readily apparent.
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Figure 3.3  Catalytic reduction of cyclopropyl methyl ketone by biphenyl radical anion

(DMF, 0.5 M TBAP, 0.1 M Ag+/Ag reference, GCE working, 0.008 M substrate, γ = 1, ν

= 100 mV/s)

Details of the homogeneous catalysis technique are provided in section 2.2.3.65

Only the most pertinent details will be reiterated here.  Kinetic control may be governed

by either the homogeneous electron transfer step (k1) or the chemical step (k, Scheme

3.3)   The discerning characteristic between these two regimes is the effect of mediator

concentration (CoM) on ip/ipd  at constant γ and ν.  Peak current ratio (ip/ipd ) varies as a

function of mediator concentration only when the electron transfer step is rate limiting.

Voltammograms of several mediators in the absence and presence of 14a and 14b were

obtained.  By comparing plots of [ip/ipd   vs  log(1/ν)]  and  [ip/ipd   vs log(Co
M/ν)] obtained

at different concentrations of mediator (constant γ) any concentration dependence is

readily apparent.  Representative plots are provided in Figure 3.4; the remainder of
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experimental data is presented in section 3.4.  For 14a and 14b, over the range of

mediators examined, ip/ipd   was found to vary as a function mediator concentration.

Electron transfer was determined to be the rate limiting step and k1 rate constants were

determined from previously derived working curves (Chapter 2).  The parameter ρ was

determined by the working curve which gave the best fit to the experimental data and k1

was determined from x’.  A representative fit of the experimental data is provided in

Figure 3.4, with the remainder of data treatment provided in section 3.4.  Table 3.2

summarizes the values of k1 and ρ obtained for the reduction of 14a and 14b by a series

of mediators.

Scheme 3.3

M    +     A                        M    +    B                      ET step
k1

k2

B                         C                               Chemical step
k
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Figure 3.4  Mediated reduction of 14a by naphthalene (DMF, GCE, 0.5 M TBAP, v =

0.1-1 Vs-1 , γ = 1.00; Dashed line is the working curve for rate-limiting ET, x’ =  1.030 ±

0.018)
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Table 3.2.  Rate constants for homogeneous electron transfer between the reduced form

of the mediator and 14a and 14b  (0.5 M TBAP/DMF)

14a 14b

Mediator Eo (V)a k1 (M
-1s-1) ρb k1 (M

-1s-1) ρ

naphthalene -2.901 4.2 (± 0.2) x 102 0.60 5.9 (± 0.2) x 102 0.45

3,6-dimethylphenanthrene -2.9371.3 (± 0.1) x 103 1.00 8.1 (± 0.6) x 102 0.90

1,3-dimethylnaphthalene -2.971 3.5 (± 0.2) x 103 0.95 2.2 (± 0.1) x 103 0.55

biphenyl -2.977 2.1 (± 0.1) x 103 0.95 2.4 (± 0.2) x 103 0.65

methoxynaphthalene -2.988 5.2 (± 0.2) x 103 1.00 2.8 (± 0.2) x 103 0.80

2,7-dimethoxynaphthalene -3.0279.6 (± 0.3) x 103 1.00 8.0 (± 0.3) x 103 0.30

o-methoxybiphenyl -3.086 3.4 (± 0.1) x 104 0.95 3.6 (± 0.1) x 104 0.50

avs. 0.1 M AgNO3/Ag. b (± 0.05) for all ρ

Table 3.3.  Comparison of ρ values obtained in this study to literature values for 1o and

3o radicals.

1o 3o

Mediator Eo (V)a ρb for 14a ρ ρ b for 14b ρ
 d

naphthalene -2.901 0.60 0.9c; 1.0e 0.45 _

biphenyl -2.977 0.95 0.9 c; 0.95c 0.65 0.6; 0.30

methoxynaphthalene -2.988 1.00 1.0 c 0.80 0.6

avs. 0.1 M AgNO3/Ag. b (± 0.05) for all ρ.,  cdetermined from the reaction with n-

BuCl97,98; d t-BuCl; e1-Chloro-2-methylpropane.
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It is important to comment on several points concerning Table 3.2: 1) rate

constants increase with increasing reducing power of the mediator radical anion, 2) there

appears to be no effect of methyl substitution on rate (i.e., k1 values obtained for 14a and

14b are approximately equal) and 3) ρ values determined for the reduction of 14b are

consistently lower than those determined for the reduction of 14a.  ρ values obtained in

this study compare similarly to literature sources (Table 3.3), and the same trend from 1o

to 3o radicals is noted.  Primary alkyl radicals are easier to reduce than tertiary radicals.

Standard reduction potentials for 1o and 3o alkyl radicals have been reported to be –1.62,

and –1.77 V vs. SCE 97 (another source estimates Eo for 1o at (-1.30 to -1.42), and 3o at (-

1.48 to -1.60 V vs SCE)95).  This order is expected since alkyl groups are considered to

be electron donating.  Ring opening to 1o radicals results in less addition, as the 1o alkyl

radical is more quickly reduced and is therefore less stable.

3.2.4 Estimates of the reduction potential of 14a and 14b using Marcus theory70

In Figure 3.5 (a and b), the log of the rate constants for electron transfer (k1, Table

3.2) determined for the reactions of 14a and 14b with a series of mediators are plotted

against the reduction potential of the mediator (Eo
M/M•−).  For 14a and 14b the slopes are

–10.1 and –10.0 V-1 respectively, suggesting kinetic control from region II in the Marcus

regimes plot (Figure 2.8).  Or more simply, possible contribution from the counter

diffusion region may be ignored.  Region III  contributes significantly only when k-el
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becomes competitive with k-d (Eq 2.11).  Using Equation 2.12, λ = 29 kcal/mol (average

value for 14a and 14b), and k-d = 1 x 1010 s-1,  an estimation of the borderline between

region II  and III behavior was obtained. A value of ∆Go ≤ 13 kcal/mol was determined,

which translates to a maximum allowable difference of 0.56 V vs AgNO3/Ag before the

contribution from region III becomes significant.  All of the catalysts used in Table 3.2

fall well within this limit.
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Figure 3.5.  Log k1 as a function of the reduction potential of the mediator M/M•−

The rate constants in Table 3.2 were fit to Eq. 2.11 via non-linear regression69

analysis, with Eo 
A/B and λ as the only adjustable parameters.  An excellent fit was
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achieved in both cases (the solid lines in Figure 3.6 represent the predicted values based

upon this treatment), and Eo’s and λ values were obtained (Table 3.4).

4

4.5

5

5.5

6

6.5

7

7.5

8

-3.1 -3.05 -3 -2.95 -2.9 -2.85

Eo
M/M.- 

  (V)

lo
g 

k 1

Me

O

Eo
A/B = -3.215

λ = 28 kcal mol-1

r2 = 0.9730

4

4.5

5

5.5

6

6.5

7

7.5

8

-3.1 -3.05 -3 -2.95 -2.9 -2.85

Eo
M/M.- (V)

lo
g 

k 1

Me

O

Me
Me

Eo = -3.196

λ = 30 kcal mol-1

r2 = 0.9799

Figure 3.6.   Eo A/B and λ derived from fit of log rate constant data to Eq. 2.11, see text.
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Table 3.4.  Reduction potentials and reorganization energies for 14a and 14b derived

from Marcus theory.

Compound Eo (V)a λ (kcal/mol)

14a -3.215 ±0.068 28 ± 4

14b -3.196 ± 0.067 30 ± 4

avs 0.1 M Ag+/Ag

Values derived for the reorganization energy (λ) for 14a and 14b are consistent

with an electron transfer reaction from an aromatic hydrocarbon to an aliphatic ketone,

suggesting that there is not an additional contributor (such as bond lengthening or bond

angle deformation) to the overall reorganization energy.  The λ values in Table 3.4 are

substantially different than those obtained for the reduction of spiro series 13(a-c) by

similar aromatic hydrocarbons, and merit further comment.  Eberson has presented a

qualitative summary of the structural and environmental effects on λ25.  Spiro compounds

13(a-c)  are highly conjugated substrates and the charge gained in producing the radical

anion can be accommodated over a large volume; this results in little reorganization

energy to reach the transition state.  In the aliphatic cyclopropyl substrates charge is more

highly localized in the radical anion than the neutral ketones and a higher solvent

reorganization energy would be required.

Eo values obtained in this analysis offer an interesting comparison to those

obtained in the analysis of spiro series 13(a-c).  Within experimental and statistical error,

the Eo values obtained for 14a and 14b are identical.  This similarity is also reflected in

the rate constant values obtained in Table 3.2.  There is no increase in rate associated
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with methyl substitution on the cyclopropane ring (Figure 3.5.c).    For radical ions

derived from spiro cyclohexadienones, delocalization of spin onto the carbons of

cyclopropyl group yields a resonance form which is aromatic and therefore a major

contributor to the overall resonance hybrid (Scheme 3.4).  In the case of the aliphatic

cyclopropyl ketones, the contribution of the non-bonded resonance structure shown

would be minor.  Methyl substitution on the cyclopropane ring does not appear to

significantly affect the standard reduction potentials of these two substrates.

Scheme 3.4

O O

vs.
O O

(important) (minor)

Because the kinetics of both the direct and mediated reduction of 14a and 14b

involve rate limiting electron transfer, the rate constant for ring opening could not be

determined.  However, we reasoned that the corresponding cyclobutyl derivative would

undergo ring opening at a significantly lower rate, and that ring opening might be the rate

limiting step for this system.  Ingold99 has reported a value of  2.2 x 104 s-1; a slightly

different value of 5.0 x 102 s-1  was reported by Beckwith,99 for the analogous

cyclobutylcarbinyl radical rearrangement. The slower rate of ring opening is also

supported by the differences in calculated enthalpies of reaction shown in Table 3.1.
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Provided that the rate determining step is found to be the rearrangement in the

reduction of cyclobutyl methyl ketone, this rate constant can be used as an intramolecular

clock to determine the rate constant for cyclopropyl ring opening via competition

experiments.  Generation of 28•−, and from product analyses, determination of the

relative amounts of 3- vs 4-membered ring cleavage will give relative rate constants and

since kb is known, kc can be determined (Scheme 3.5).   A detailed electrochemical

analysis of cyclobutyl methyl ketone ensued.

Scheme 3.5

O

O

O

kc

kb28

OO

e-

28 28
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3.2.5 Product analysis from preparative electrolysis of cyclobutyl methyl ketone 29.

A mediated reduction using biphenyl radical anion was chosen for the preparative

electrolysis of 29 (Eq. 3.7).  After the transfer of 0.7 eq of electrons, 2-hexanone (24%)

and a small amount of addition products (~3%) were obtained (note: reaction yields

determined by GC).

O O
0.7 eq e-, Biphenyl, TBAP

DMSO, RT, Constant I

Adducts

(24%) (~3%)

+

(83%)        (3.7)

The extent of adduct formation (1H  NMR and GC/MS in section 3.4) is

consistent with the ρ value obtained for the addition of a primary radical to biphenyl

radical anion.  In this work, the ρ value determined (from homogeneous catalysis

experiments) for the addition of the ring opened radical anion generated from cyclopropyl

methyl ketone to biphenyl radical anion was found to be ρ = 0.95 ± 0.05.  Savéant has

also reported ρ = 0.95 for the homogeneous reduction of  n-BuCl with biphenyl.98

3.2.6 Indirect electrochemistry of 29.

The reduction of 29 by three mediators was studied.  Naphthalene, biphenyl, and

2-methoxybiphenyl were chosen because they represent the extremes and median values

in mediator reduction potentials.  As in previous experiments, the current ratio ip/ipd was

examined as a function of sweep rate and mediator concentration at constant excess
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factor,  γ = 1.   Plots of [ip/ipd  vs log (1/ v)] and [ip/ipd vs log (Co
M/ v)] for the reduction of

29 by naphthalene and biphenyl radical anions are presented in Figure 3.7(a). and Figure

3.7(b).

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

-0.5 0 0.5 1 1.5

log(1/ v )

ip
/ip

d

0.0014 M

0.0029 M

Theory

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

-2.75 -2.25 -1.75 -1.25 -0.75

log (Co
M/v )

ip
/ip

d

0.0014 M

0.0029 M

Figure 3.7(a).  Mediated reduction of 29 by naphthalene (DMF, GCE, 0.5 M TBAP, v =

0.05 – 1.0 Vs-1, γ = 1.00;  The line is the working curve for rate-limiting chemical step, x’

=  -2.267 ± 0.014, ρ =  0.5).
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Figure 3.7(b).  Mediated reduction of 29 by biphenyl (DMF, GCE, 0.5 M TBAP, v =

0.05 – 8.0 Vs-1, γ = 1.00;  The line is the working curve for rate-limiting chemical step, x’

=  -0.9895 ± 0.018, ρ = 0.9).

By comparing the plots presented in Figure 3.7(a) and Figure 3.7(b), it is apparent

that there is no concentration effect on the peak current ratio.  Therefore, it was

determined that the chemical step was the rate limiting step.  A composite rate constant

can be determined from theoretical working curves.  Though similar in appearance,

different working curves pertain to the two limiting conditions.  It was necessary to
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derive the appropriate working curves (21 plots of ip/ipd  vs log(λλ1/λ2) at γ = 1.00 for ρ =

0.00 to 1.00 in 0.05 increments) via digital simulation.  Working curves were

subsequently fit to a polynomial of the form y =

(a+cx+ex2+gx3+ix4)/(1+bx+dx2+fx3+hx4+jx5), where the coefficients a→j were

determined for each working curve.  Via non-linear regression, experimental data [ip/ipd

vs log(1/v)] were fit to the polynomial form of the working curves, y=f(x+x’),  and the

adjustable parameter x’ = log (RT/F)(kk1/k2) was determined.  The parameter ρ was

defined by the working curve which gave the best fit to experimental data and kk1/k2 was

determined from x’.  Fits of experimental data are provided in Figure 3.7(a) and Figure

3.7(b).  Making the allowance that Eo
29/29

•− ≅ Eo 
14/14

•− (the error associated with this

assumption is expected to be small), the ratio k1/k2 can be calculated via equation 3.8.

( )







−= QPBA

o EE
RT

F

k

k
/

0
/

2

1

303.2
exp                                 (3.8)

By combining the composite rate constant determined from experimental

data with the k1/k2 ratio obtained from equation 3.9, the rate constant for cyclobutane ring

opening can be extracted.  Table 3.3 summarizes results. An average value of 2.5 x 104 s-1

was obtained for the cyclobutane ring opening of cyclobutyl methyl ketone 29 (AM1

semi-empirical MO theory estimates ∆Ho for ring-opening of cyclobutyl methyl ketyl

anion to be exothermic by 1 kcal/mol, Table 3.1, and Table 3.6), which is very similar to

Ingold’s reported value of  2.2 x 104 s-1  (5.0 x 102 s-1, Beckwith)99 for the analogous

cyclobutyl carbinyl  rearrangement.  A very interesting observation was made regarding
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the substituent effects on the rate of ring-opening of cyclopropyl- and cyclobutylcarbinyl

radicals and their related radical anions (Table 3.6).  For the case of the phenyl

cyclopropyl ketyl anions, the rate of cyclopropyl ring opening is retarded going from the

neutral radical to the radical anion.  However, in the case of the aliphatic ketones the

opposite seems to hold true. The rate of ring opening of cyclobutyl methyl ketyl anion

was faster than for the corresponding neutral radical.  Supporting semiempirical

molecular orbital calculations93 reveal that for the case of the phenyl cyclopropyl ketyl

anions in the ring closed form 62% of the charge is associated with the aromatic ring .

Conversely, in the ring opened form 80% of the charge is associated with the oxygen and

α-carbon of the enolate anion.  Delocalization of charge into the aromatic ring is lost

upon ring opening and is an important contributor to the rates of these radical anion

rearrangements.

This phenomenon is also evident in the calculated enthalpies for ring opening for

these two systems.   Ring opening of cyclopropyl methyl ketyl anion is predicted to be

favored over the neutral radical.  Given that there is less selectivity for the formation of

the most stable product in preparative reductions of 14b than for the structurally related

free radical 22, it is likely that the rate of cyclopropyl ring opening may prove to be faster

(>108) in the case of 14b.
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Table 3.5  Rate constants for cyclobutane  ring opening of 29.

Mediator Eo (V)a k (s-1)

Naphthalene -2.901 3.3 (0.2) x 104

Biphenyl -2.977 3.2 (0.2) x 104

o-methoxybiphenyl -3.086 1.1 (0.9) x 104

 Avg = 2.5 x 104

avs. 0.1 M AgNO3/Ag
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Table 3.6  Effect of substituents on the rate of ring opening of cyclopropyl- and

cyclobutylcarbinyl radicals and their related radical anions.93

O O

Ph

O

Ph

O

Ph Ph

Ph PhPh
Ph

Ph PhPh
Ph

1 x 106

O O

Reaction k1 (s
-1)

O O

< 2

3.6 x 108

1 x 107

5.0 x 102

2.5 x 104

1.2 x 108

?

∆Hro 
(kcal/mol)

-12.0

+5.5

-14.1

+2.3

+0.2

-1.0

-10.7

-14.5

Homogeneous catalysis experiments with 2-methoxybiphenyl posed new

challenges.  When plots of [ip/ipd  vs log(1/ v)] and [ip/ipd  vs log(Co
M/v)] in Figure 3.8(a
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and b) are compared for the reduction of 29 by 2-methoxybiphenyl, it is not readily

apparent which gives a better fit to experimental data.  This suggested that the reduction

of 29 by 2-methoxybiphenyl was under mixed kinetic control by the ET and chemical

steps.
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Figure 3.8  Mediated reduction of 29 by o-methoxybiphenyl (DMF, GCE, 0.5 M TBAP,

v = 1 to 20 Vs-1, γ = 1.00, lines in c. reflect simulated results)
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In the event of mixed control, it is possible to extract rate constant information via the

forced treatment of the ip/ipd  data to the working curves (from Chapter 2) corresponding

to rate limiting electron transfer step and equation 3.9.100

[ ]M
kk

k

kkap 1

2

1

33.0
11 +=                                              (3.9)

Experimental fits of [ip/ipd  vs log(1/v)] data are shown in Figure 3.9.  This approximation

is possible because of the similarity of the working curves from the two extreme rate-

limiting conditions.  The apparent rate constant, kap, is determined from x’ and 1/kap is

plotted vs mediator concentration.  A linear relationship was obtained ((y) = 0.0034(x) +

6x10-6, r2 = 0.9997, Figure 3.10).  The intercept gives k1, and assuming

Eo
29/29

•− ≅ Eo 
14/14

•−, the slope gives k (Table 3.5).  Rate constants obtained in this manner

were used in digital simulations and fits of experimental data to simulated results are

shown in Figure 3.8.c.
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Figure 3.9  Mediated reduction of 29 by 2-methoxybiphenyl.  Forced treatment of ip/ipd

vs log(1/v) data from Figure 3.8 to working curves for rate limiting ET step (lines

represent theoretical curves, ρ = 0.8).
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Figure 3.10  Apparent rate constant dependence on mediator concentration for the

reduction of 29 by o-methoxybiphenyl.

3.2.7  Thermodynamics of ring opening for 14a•−, 14b•− and 29•−.

∆Go for ring opening of 14a•−, 14b•− and 29•− were calculated (analogous to

13a•−, 13b•− and 13c•−  in section 2.2.5) utilizing the thermochemical cycle depicted in

Scheme 3.6  (∆Go = ∆Go
BD(C-C) + F(Eo

14/14•−  -  Eo
RO•/RO−).  Three thermodynamic values

are needed to solve for ∆Go 1) the standard potential of 14(a,b) and 29 (median EoA/B = -

3.2055 V vs. Ag/Ag+ obtained in this study,  Table 3.4, assuming Eo
29/29

•− ≅ Eo 
14/14

•−),

2) the standard potential of the RO•/RO− couple (estimated to be -0.674 kcal/mole 79

based upon published results for acetone, this value measured vs. Fc/Fc+ (-0.0292 V) and

adjusted to Ag/Ag+ (-0.1932 V) and 3) the strength of the C-C bond of the cyclopropyl
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group (∆Go
BD(C-C)).  It is assumed that ∆S for this unimolecular process is small and

∆Go
BD(C-C) ≈ BDEC-C.  This procedure for estimating ∆Go for ring opening is attractive

because the pertinent reduction potentials should account for any effect of solvent and/or

electrolyte.

Scheme 3.6

14 14  +   e

14

30   +   e 31

+F Eo
14/14

-F Eo
RO   /RO

14 31 ∆Go

∆Go
BD(C-C)

O

30

The strength of the cyclopropyl C-C in 14a, 14b, and 29 was estimated according to

Scheme 3.7, where ∆Hf
o's for the pertinent species were obtained using semi-empirical

molecular orbital theory (PM3, details are provided in section 2.4),101 and literature

values for the bond dissociation energies:  BDE(COC-H) = 94 kcal/mol, BDE(1oC-H)

= 100.0 kcal/mol, and BDE(3oC-H) = 95.6 kcal/mol.102  We assume that these
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calculated values for BDE(C-C) (Table 3.7) are the same in the gas phase and in

solution.103  Results of this analysis are summarized in Table 3.8.

Scheme 3.7

H2   +

∆Ho = ∆Hf
o(31) - ∆Hf

o(14)

=BDE(H2) + BDE(C-C) - BDE(COC-H) - BDE(C-H

∆HoO O

14 31

Table 3.7  Calculated BDE(C-C) based upon Scheme 3.7.

Compound ∆Hf
o(React.)a ∆Hf

o(1o-P.)a ∆Hf
o(3o-P.)a BDE(1o-P.)a BDE(3o-P.)a

14a (R1=R2=H) 24.85 -62.4 --- 52.3 ---
14b (R1=R2=CH3) 38.5 -72.8 -73.3 55.5 51.2

29 42.7 -66.6 --- 65.9 ---
akcal/mol
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Table 3.8.  Estimated ∆Go for ring opening of 14a•−, 14b•−, and 29•−

O O

O O

O O

Reaction ∆Hro (kcal/mol)

-17

-14

-3

O O

-18

3.3  CONCLUSIONS

Radical anions derived from 14a and 14b undergo facile ring opening, with rate

constants estimated to be ≥ 106 s-1.  Based upon the value of α observed in the direct

electrochemistry, and more importantly the reorganization energy (λ) derived from the

mediated reductions, we conclude that these radical anions have finite lifetimes (i.e.,

electron transfer and ring opening are not concerted).  For unsymmetrical radical anion

14b, ring opening slightly favored the more substituted (stabilized) distonic radical anion.

Standard reduction potentials for aliphatic ketones in aprotic solvents were previously
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unknown and this work represents one of the first determinations.  Using the

homogeneous reduction rate constants (k1) values obtained in this study and the standard

reduction potentials derived for compounds 14a and 14b, no evidence could be

established for the stabilization of these radical anions via conjugative interactions with

the cyclopropyl group.   The rate constant for the ring opening of 29 was determined to

be on the order of 2.5 x 104 s-1 and can be used in competition experiments with the

cyclobutyl cyclopropyl ketone 28 to determine the rates of cyclopropyl ring opening.
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3.4  GRAPHICAL ANALYSIS AND SUPPLEMENTAL PLOTS
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Figure 3.11  Mediated reduction of 14a with 3,6-dimethylphenanthrene (DMF, GCE,
TBAP, v = 0.1 – 8 V/s)
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Figure 3.12  Non-linear fitting of results for 14a + 3,6-dimethylphenanthrene (x’=1.5105
± 0.022)
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Figure 3.13  Mediated reduction of 14a with 2,7-dimethoxynaphthalene (DMF, GCE,
TBAP, v = 0.1 – 8 V/s)
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Figure 3.15  Mediated reduction of 14a with 1,3-dimethylnaphthalene (DMF, GCE,
TBAP, v = 0.1 – 1 V/s)
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0.015)
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Figure 3.17  Mediated reduction of 14a with 2-methoxybiphenyl (DMF, GCE, TBAP, v
= 1.0 – 20 V/s)
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Figure 3.19  Mediated reduction of 14a with methoxynaphthalene (DMF, GCE, TBAP, v
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Figure 3.20  Non-linear fitting of results for 14a + methoxynaphthalene (x’=2.123 ±
0.025)



112

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

-1.5 -1 -0.5 0 0.5 1 1.5

log(1/v )

ip
/ip

d

0.00252

0.0015

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

-4 -3.5 -3 -2.5 -2 -1.5 -1

log(Co
M/v )

ip
/ip

d

0.00252

0.0015

Figure 3.21  Mediated reduction of 14a with biphenyl (DMF, GCE, TBAP, v = 0.1 – 8
V/s)
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Figure 3.22  Non-linear fitting of results for 14a + biphenyl (x’=1.725 ± 0.010)
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Figure 3.23  Mediated reduction of 14b with 1,3-dimethylnaphthalene (DMF, GCE,
TBAP, v = 0.1 – 8 V/s)
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Figure 3.24  Non-linear fitting of results for 14b + 1,3-dimethylnaphthalene (x’=1.752 ±
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Figure 3.25  Mediated reduction of 14b with 2,7-dimethoxynaphthalene (DMF, GCE,
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Figure 3.26  Non-linear fitting of results for 14b + 2,7-dimethoxynaphthalene (x’=2.315
± 0.019)
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Figure 3.27  Mediated reduction of 14b with 3,6-dimethylphenanthrene (DMF, GCE,
TBAP, v = 0.05 – 7.5 V/s)
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Figure 3.28  Non-linear fitting of results for 14b + 3,6-dimethylphenanthrene (x’=1.316
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Figure 3.29  Mediated reduction of14b with 2-methoxybiphenyl (DMF, GCE, TBAP, v =
1.0 – 20 V/s)
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Figure 3.30  Non-linear fitting of results for 14b + 2-methoxybiphenyl (x’=2.960 ±
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Figure 3.31  Mediated reduction of 14b with methoxynaphthalene (DMF, GCE, TBAP, v
= 0.5 – 5 V/s)
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Figure 3.32  Non-linear fitting of results for 14b + methoxynaphthalene (x’=1.864 ±
0.021)
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Figure 3.33  Mediated reduction of 14b with naphthalene (DMF, GCE, TBAP, v = 0.1 –
5 V/s)
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Figure 3.34  Non-linear fitting of results for 14b + naphthalene (x’=1.181 ± 0.019)
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Figure 3.35  Mediated reduction of 14b with biphenyl (DMF, GCE, TBAP, v = 0.1 – 2.5
V/s)

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

-3.5 -3 -2.5 -2 -1.5 -1 -0.5

log λ1 

ip
/ip

d

0.00119

0.005

0.01209

Theory

r2 = 0.975

ρ = 0.65

Figure 3.36  Non-linear fitting of results for 14b + biphenyl (x’=1.794 ± 0.023)
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Supplemental Spectroscopic Data

Figure 3.37  1H NMR (CHCl3) of adduct formation in preparative electrolysis of 14a.

GC/MS data for adduct formation in the preparative electrolysis of 14a.

Major adduct:  MS(EI) m/e  244 (M+2, 1.6), 243 (M+1, 15.7), 242 (M+, 86.2),
224 (37), 182 (28), 167 (76), 155 (33), 129 (69), 115 (71), 91 (100),
77 (44)

Trace adduct: MS(EI) m/e  240 (M+, 13), 180 (100), 167 (40)
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Figure 3.38  1H NMR (CHCl3) of adduct formation in preparative electrolysis of 29.

GC/MS data for adduct formation in the preparative electrolysis of 29.

Major adduct:  MS(EI) m/e  257 (M+1, 2.4), 256 (M+, 13.0), 157 (22),
129 (79), 115 (65), 91 (100), 83 (54)

Trace adduct 1: MS(EI) m/e  256 (M+, 1.5), 158 (23), 129 (46), 115 (65),
91 (100), 83 (93)

Trace adduct 2: MS(EI) m/e  254 (M+, 5.1), 167 (36), 129 (11), 115 (13),
91 (15), 83 (100)
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CHAPTER 4: CATHODIC REDUCTION OF

3-CYCLOPROPYL-CYCLOHEX-2-ENE-1-ONE

4.1 INTRODUCTION

Previous systems in this study included highly conjugated cyclohexadieneones

13(a-c) and aliphatic ketones 14(a, b), and 29.  Radical anions generated from α, β-

unsaturated ketones offer a good compliment to those systems.   After one electron

reduction, delocalization of spin and/or charge to the β-carbon through resonance (Figure

4.1) gives rise to new reaction pathways.  The β-carbon has been shown to react both as a

nucleophile and as a radical.

C
C

C
X

O

α
β

C
C

C
X

O

C
C

C
X

O

Figure 4.1  Resonance forms of α, β-unsaturated ketones
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In 1981, Gassman104 reported that electrochemical reductions of enones

possessing a good leaving group at the γ position yield cyclopropanes in excellent

(>80%) yields.  The mechanism proposed for this reaction is outlined in Scheme 3.1 and

illustrates the γ-carbon reacting as a nucleophile.  Stork105 reported similar reductions in

1960 using Li/NH3.

Scheme 4.1

O

CH2OTs

O

O

CH2OTs

O

CH2-OTs

In contrast,  Mariano106 has reported numerous examples of photochemically-

induced inter- and intra-molecular coupling reactions of enones with amines.  The γ-

carbon is reported to undergo radical anion/radical coupling as described in Scheme 4.2.

The radical anion/radical cation pairs are generated by photoinduced electron transfer

(PIET).  Loss of ‘Z+’ from the amminium radical cation followed by radical anion/radical

coupling generates the final product.
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Scheme 4.2
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In the context of this study, 3-cyclopropyl-cyclohex-2-ene-1-one offers an

interesting extension to the systems previously studied.  The thermodynamic driving

force for ring opening, and the resonance stabilization gained by generating an aromatic

ring, work in concert to make the rearrangements of cyclohexadieneones 13(a-c) facile

and energetically favored.  In the aliphatic series compounds (14a-b) and 29, there is

little resonance stabilization effect and the relief of cyclopropyl ring strain provides the

primary driving force.  In the radical anion generated from cyclohexeneone 15, a

resonance form can be drawn that places the radical on the β-carbon next to the
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cyclopropane ring.  Presumably, this positioning of the radical will lead to ring opening

of the cyclopropane ring in analogy to the cyclopropylcarbinyl → homoallyl

rearrangement.  To what extent the resonance stabilization of the radical anion

intermediate will be reflected in the rate of the cyclopropane ring opening is uncertain.

A thorough linear sweep voltammetry study of 15 ensued.

Scheme 4.3

O

e-

O O

15 15a 15b

4.2 RESULTS AND DISCUSSION

4.2.1 Direct electrochemical reduction of 15.

The cyclic voltammogram of cyclohexeneone 15 is characterized by an

irreversible reduction wave at approximately –2.6 V (vs. 0.1 M Ag+/Ag at 100 mV/s)

(Figure 4.2).  A linear sweep voltammetry (LSV)107 study was conducted (Figures 4.3 →

4.6) by monitoring the effects of substrate concentration and sweep rate on the peak

potential (Ep). In summary: 1) the peak potential of the reduction wave (Ep) varied

linearly with log of the sweep rate, 2) Ep was independent of substrate concentration, and

3) Ep1/2 remained constant over the sweep rate studied at 64 (±8) mV.   
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For voltammetric waves in which no reverse current is observed, the variation in

the forward peak potential (Ep) as a function of sweep rate and concentration can be

related to the individual reaction orders in A and B according to Equations 4.1, 4.2, and

Scheme 4.4.  Experimental results are then compared to published theoretical responses

for several possible mechanisms and results are presented in Table 4.1.  Data analysis

gives δEp/δlog (v) = -31.5 (±4.8) mV/decade and δEp/δlog (CA) = -1.9 (±4.3)

mV/decade; these values clearly support a mechanism which is first order in radical anion

B as shown in Scheme 4.4 (i.e., an EC or ECE type process).  The theoretically predicted

responses107 are δEp/δlog (v) = -29.6 mV/decade and δEp/δlog (CA) = 0 mV/decade.
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Figure 4.2 Cyclic voltammogram of 15 (0.5 M TBAP in DMF, 0.1 M Ag+/Ag reference,

v = 100 mV/s, GCE, 0.003 M in substrate)
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Figure 4.3.  LSV analysis of 15, ∂Ep/∂log ν.  (0.0015 M in substrate, 0.5 M TBAP,

DMF, ν = 100 – 1000 mV/s)
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Figure 4.4  LSV analysis of 15, ∂Ep/∂log ν.  (0.0029 M in substrate, 0.5 M TBAP,   DMF,

ν = 100 – 1000 mV/s)
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Figure 4.5  LSV analysis of 15, ∂Ep/∂log ν.  (0.0059 M in substrate, 0.5 M TBAP,   DMF,

ν = 100 – 1000 mV/s)
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Figure 4.6  LSV analysis of 15, ∂Ep/∂log (CA).  (0.5 M TBAP,   DMF, ν = 500 mV/s)

)/(log)1/(1log/ nFRTbvEp +−=δδ                             (4.1)

)/(log)1/()1(log/ nFRTbbaCEp A +−+=δδ                       (4.2)
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Table 4.1  LSV analysis of 3-cyclopropyl-cyclohex-2-enone 15107.

Rate law δEp/δlog (v) (mV/decade) δEp/δlog (CA) (mV/decade)

k[B] -29.5 0

k[B] 2 -19.7 19.7

k[A][B] -29.5 29.5

Obsd -31.5 ± 4.8 -1.9 ± 4.3

Scheme 4.4

A + e-

B

B

k
products

-d[B]
   dt

= k [A] a [B] b

The rate law for decay of the radical anion intermediate was readily determined

from published theoretical responses.  However, because the cyclic voltammogram

produced from 29 is irreversible, the rate constants for cyclopropane ring opening and the

standard reduction potential are unavailable.
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4.2.2 Product analysis from preparative electrolysis of 15.

Preparative scale reduction of cyclohexenone 15 (Equation 4.1) gave exclusively

ring opened product 3-propyl-cyclohex-2-ene-1-one (30) in 43.5% yield (56.5%

unreacted starting material) after the transfer of  0.8 eq of electrons.

O

0.8 eq e-, TBAP, DMF

Au, RT, Constant E

O

(56.5%) (43.5%)            (4.1)

The electrolysis results combined with the rate law determined for the decay of the

radical anion support the mechanism described in Scheme 4.5.  Cyclohexenone 15 is

reduced at the electrode surface to form the radical anion, which upon ring opening is

further reduced to the dianion.  Abstraction of a proton from the electrolyte solution and

acidic work-up yield the final product shown.   The radical anion 15•− can exist in two

degenerate bisected conformations, and AM1 calculations suggest that the ring opening is

exothermic by ~3 kcal/mol (Scheme 4.6).93



131

Scheme 4.5

O

O

CH3

O
O

OO

CH3

+ e-

- e-

+ e-

solventH+

workup



132

Scheme 4.6
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4.2.3 Indirect electrochemistry of 15a.

The reduction of 15  by two mediators, anthracene and 9-methylanthracene,

was studied.  As in previous experiments, the current ratio ip/ipd was examined as a

function of sweep rate and mediator concentration at constant excess factor γ.  However,

a γ = 10 was employed for these reductions.  At γ = 1, these systems were not sufficiently

catalytic (no or little increase in current or loss of reversibility was observed upon

addition of substrate to mediator).
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As described previously (details in section 2.2.3), the discerning characteristic

between rate limiting homogenous electron transfer and homogeneous chemical step is

the effect of mediator concentration (Co
M) on ip/ipd  at constant γ and ν.  Voltammograms

of anthracene and 9-methylanthracene in the absence and presence of 15 were obtained.

Plots of [ip/ipd   vs  log(1/ν)]  and  [ip/ipd   vs log(Co
M/ν)] were obtained at different

concentrations of mediator (constant γ) and inspected for a concentration dependence

(Figure 4.7 and Figure 4.8).  For the reduction of 15 by anthracene and 9-

methylanthracene, ip/ipd   was found to vary as a function of mediator concentration.

Therefore, electron transfer was the rate limiting step and rate constants for electron

transfer from the reduced form of the mediator were determined.

Scheme 4.7

M    +     A                        M    +    B                      ET step
k1

k2

B                         C                               Chemical step
k
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Figure 4.7  Mediated reduction of 15 by  anthracene (DMF, GCE, 0.5 M TBAP, v =

0.025-0.5  Vs-1 , γ = 10.0; line is the working curve for rate-limiting ET, x’ =  1.2443 ±

0.023, ρ = 0)
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Figure 4.8  Mediated reduction of 15 by  9-methylanthracene (DMF, GCE, 0.5 M TBAP,

v = 0.025-2.5  Vs-1 , γ = 10.0; line is the working curve for rate-limiting ET, x’ =  1.4558

± 0.015, ρ = 0.2)

Previously determined working curves (Chapter 2 and 3) dealing with rate limiting

electron transfer and addition to the catalyst express ip/ipd as a function of γ = 1.  In these

experiments, ip/ipd was measured at various sweeprates at γ = 10, and it was thus

necessary to derive the appropriate working curves (11 plots of ip/ipd vs log(λ1) at γ =
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10.00 for ρ = 0.00 to 1.00 in 0.10 increments) via digital simulation69.  These working

curves were subsequently fit to a polynomial of the form y=(a+cx+ex2)/(1+bx+dx2+fx3),

where the coefficients a → f  were determined for each working curve. Via non-linear

regression,69 the experimental data [ip/ipd vs  log (CM
o/ν)] were fit to the polynomial form

of the working curves, y = f(x + x’), and the adjustable parameter x’ = log (k1RT/F) was

determined.  The parameter ρ was determined by the working curve which gave the best

fit to the experimental data and k1 was determined from x’.  The fits of experimental data

to working curves are provided in Figures 4.7 and 4.8.   Table 4.2 summarizes the values

of k1 and ρ obtained for reduction of 15 by anthracene and 9-methylanthracene.

Table 4.2. Rate constants for homogeneous electron transfer between the reduced form of

the mediator and 15 (0.5 M TBAP/DMF).

Mediator Eo (V)a k1 (M
-1s-1) ρ

anthracene -2.337 6.8 (±0.4) x102 0.0 (± 0.1)

9-methylanthracene -2.359 1.1 (± 0.1) x103 0.2 (± 0.1)

avs. 0.1 M AgNO3/Ag

A complete homogeneous catalysis study analogous to that performed for the

cyclohexadieneones (Chapter 2) and aliphatic ketones (Chapter 3) could not be

performed due to the unavailability of suitable aromatic hydrocarbon mediators.  Table

4.3 lists the mediators used in prior studies contained in this dissertation.
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Table 4.3.  Standard reduction potentials of mediators97,98

Mediator Eo (vs SCE)a Eo (vs SCE)

fluoranthene -1.813 -1.715b

4-cyanopyridine -1.831 -1.730b

cyanonaphthalene -1.909 -1.810b

9,10-diphenylanthracene -1.913 -1.840b

9-phenylanthracene -1.954

anthracene -2.000 -1.875b

9-methylanthracene -2.022

naphthalene -2.564 -2.457c

3,6-dimethylphenanthrene -2.600

1,3-dimethylnaphthalene -2.634

biphenyl -2.640 -2.519c

methoxynaphthalene -2.651 -2.537c

2,7-dimethoxynaphthalene -2.690

2-methoxybiphenyl -2.749

 adetermined in our lab vs AgNO3/Ag and adjusted to SCE (-0.337 V), GCE,
DMF, 0.5 M TBAP;  bDMF, GCE, 0.1M nBu4BF4 ; 

cDMF, 0.1 M nBu4BF4, mercury
plated platinum disk electrode.

In Table 4.3 an obvious gap exists between mediators 9-methylanthracene and

naphthalene.  Suitable substituted aromatic hydrocarbons must be obtained for this

potential region before a homogeneous catalysis study can be completed.  It is likely that
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enough aromatic hydrocarbons will not be available, and other compounds must be

investigated.  Saveant has employed a series of substituted benzoates for the

electrochemical reduction of carbon dioxide with potentials in the range required for this

study; these compounds may prove useful here.  However, the λ (reorganization energy)

obtained is apt to be quite different from that obtained with substituted aromatic

hydrocarbons.

If a suitable series of mediators can be obtained for the reduction of 15, rate

constants for electron transfer (k1) can be used with Marcus theory to obtain the standard

reduction potential of 15/15•− and the reorganization energy λ.   If the rate of the

homogeneous catalysis system is found to be controlled by the electron transfer step

(Eo
A/B  available), as was seen with anthracene and 9-methylanthracene, it will be

possible to extract the rate constant for ring opening of radical anion 15•−  with equation

4.3.108    This is possible because the rate limiting step in the direct reduction of 15 was

found to be the chemical step.  The peak potential, Ep, is then a function of the standard

potential of the A/B couple, EoA/B, and of k.

)/ln()2/(]78.0)/()[ln/( vkFRTEFRTFRTEp AB
o ++−=           (4.3)

4.3 CONCLUSIONS

Upon reduction, the radical anion derived from 3-cyclopropyl-
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cyclohex-2-en-1-one undergoes facile ring opening to give exclusively the ring opened

product.  LSV results indicate the radical anion decays by a first order process, and a rate

law (Rate = k[B]) is obtained.  The kinetics of homogeneous catalysis experiments were

controlled by the electron transfer step.  When a suitable set of mediators can be found,

the standard reduction potential of 15 can be determined with Marcus theory.  In contrast,

the direct reduction (LSV) experiments were controlled by the homogeneous chemical

step, not by the heterogeneous electron transfer step.  These findings will ultimately

allow the extraction of the rate constant for cyclopropyl ring opening.
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CHAPTER 5: CONCLUSIONS

In summary, the rearrangements of the radical anions included in this dissertation

all yield ring opened products, with rates and selectivities that will prove useful and

informative in the design of mechanistic probes based on the cyclopropylcarbinyl →

homoallyl rearrangement.  As more radical ion rearrangements are investigated and the

rate constants better defined through these and other analytical techniques, the better we

will understand the structural contributions to these rearrangements.  The results herein

demonstrate that the relationship between rearrangement rates of neutral free radicals and

similarly-structured radical ions is not simple.  Delocalization of spin is certainly an

important consideration affecting the rates of rearrangement of paramagnetic

intermediates in general.  However, these findings reveal that for radical ions, charge also

plays an important role.  Stabilization of both charge and spin are important factors to

consider when designing electron transfer mechanistic probes.  Although this work has

focussed specifically on radical anion rearrangements, there is little doubt that the same

considerations pertain to the rearrangements of radical cations.  In a more general sense,

radical ions are an important class of reactive intermediates, with chemistry resulting

from their roles as “radicals” and “ions”.  If their chemistry can be understood and

eventually controlled, new synthetic methodologies may emerge.
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CHAPTER 6: EXPERIMENTAL

6.1 General

6.1.1 Instrumentation description

Nuclear magnetic resonance spectra (1H, 13C) were obtained on either WP 270

MHz Bruker, AM 360 MHz Bruker,  or 400 MHz Varian Unity FT NMR spectrometers.

All chemical shifts are reported in δ units relative to TMS (δ = 0.00 ppm) in CDCl3.

Infrared spectra were recorded on a  Perkin-Elmer model 1600 FT-IR spectrometer.

GC/MS was performed on a Hewlett Packard HP 5890 gas chromatograph interfaced to a

HP 5970 low resolution mass spectrometer and a HP series computer.  High-resolution

mass spectral data were obtained from a VG Analytical model 7070 E-HF double-

focusing magnetic sector high-resolution spectrometer using electron impact (70eV)

ionization.  GC analysis was performed on a Hewlett Packard 5890A gas chromatograph

equipped with an FID detector and an HP 3393A reporting integrator.   High performance

liquid chromatography (preparative and analytical scale) was performed using a Beckman

System Gold 128 model solvent pump system with a 166 model UV/VIS detector.

Samples were separated using  Beckman C-18 reverse phase columns (analytical: 4.6 mm

x 250 mm; preparative: 21.2 mm x 150mm)  with an 80/20 acetonitrile/water solvent

system. Preparative thin layer chromatography separations (PTLC, Whatman, silica gel

plates, 250 um layer, UV254) were performed using hexane/ethyl acetate solvent mixtures.

6.1.2 Electrochemical Measurements.

Electrochemical measurements were performed on an EG & G Princeton Applied
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Research (EG & G / PAR) model 273 potentiostat/galvanostat interfaced to an MS-DOS

computer.  The detailed instrumentation employed for cyclic and linear sweep

voltammetry as well as cell description and assembly has been described earlier.109

Voltammetric measurements were performed on solutions which contained 0.5 M

tetra-n-butyl-ammonium perchlorate (TBAP) in DMF.  Solutions were prepared by

weighing out 1.71 g  TBAP into a 10 mL volumetric flask.  The 10 mL flask along with

all other voltammetric cell pieces (with the exception of the working electrode) were

treated in a Baxter DP-22 vacuum drying oven (30-40 mmHg) at 40o C for 1.5 hours.

Voltammetric cell pieces were then placed immediately in a desiccator to cool.  The

voltammetric cell was assembled under argon/nitrogen flow. The 10 mL flask containing

electrolyte was diluted with purified DMF and added to the voltammetric cell.   The

completed cell assembly was argon (dry, deoxygenated) purged for approximately 15

min. prior to use.  The electroactive substance was added to the cell only after clean

backgrounds were obtained at each sweep rate used (a maximum cell current < 10 uA at v

= 100 mV/s over the potential range –2.7 →-3.2 V was considered acceptable).

A three-electrode voltammetry cell was used.  The GCE working electrode (5 mm

diameter) was prepared for use by polishing with an alumina slurry to a mirror finish and

stored in a desiccator.  The Ag/Ag+ (0.1 M in CH3CN, 0.337 V vs SCE, uncalibrated)

reference electrode was freshly prepared.  A Pt wire coil was used as the auxillary

electrode.  Mechanical stirring was performed between voltammetric runs to clean the

working electrode surface.  Positive-feedback iR compensation was set by monitoring the

current response.  IR compensation was increased until oscillation and then backed off to

90% of that value.  All experiments were performed at ambient temperature (23o C).
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The GCE working electrodes were prepared as follows.  Glassy carbon rod (Alfa

Aesar) was cut into several 4-5 mm plugs.  Carbon plugs were secured into glass rods

with Torrseal – Varian vacuum epoxy resign (Varian vacuum products) being careful not

to get epoxy on the reverse of the carbon plug where electrical connection must be made.

Rods were left to cure in air for two days.  A small amount of silver 2-part conductive

adhesive (Alfa Aesar) was placed into the glass rods and a short piece of Cu brazing rod

was inserted and allowed to cure for two days.  The electrode surface was polished with

alumina slurry (Buehler) starting with 1.0 um grit and decreasing to 0.3 and finally 0.05

um until a mirror finish was obtained.  The surface was maintained by polishing routinely

with 0.05 um grit polish, rinsing with methanol and water, and wiping lightly.

Preparative electrolysis was performed on solutions which contained 0.2 M TBAP

in DMF.  Solution preparation and cell handling were performed similarly to that for

voltammetry.  A conventional H-cell with two compartments separated by a medium

glass frit was utilized.  50 mL of electrolyte solution was divided equally between the two

compartments of the vacuum oven dried H-cell, and the resulting system was purged with

dry, deoxygenated argon for > 15 min. before use.  The electro-active substrate was

placed in the working compartment exclusively and electrolysis was conducted as

specified in the specific experiments.  For constant potential experiments, iR

compensation was set as in voltammetric experiments.

The working electrode was manufactured from gold foil soldered (Ag solder) to a

short piece of Ag wire which was in turn soldered to a piece of Cu rod.  Coiled Cu wire

was used as the auxillary electrode, and the reference was Ag/Ag+ (0.1 M in CH3CN). All

electrolysis experiments were performed at ambient temperature (23o C).   Reaction
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progress was monitored by GC where necessary. Unless otherwise noted, solution work-

up consisted of quenching the cathodic compartment with ca. 1 mL 5% H2SO4 , adding to

ca. 50 mL water, and extracting with 4 x 50 mL ether.  Ether layers were combined,

washed with water, sat. NaCl, dried over MgSO4, and concentrated.   Product isolations,

characterizations, and quantitations were performed as noted.

6.1.3 Digital Simulations

Digital simulations of cyclic voltammograms were performed using Digisim 2.1

(Bioanalytical Systems Inc., 2701 Kent Ave. W. Lafayette, IN 47906) and working

curves were generated from simulated responses using TableCurve 2D (Jandel Scientific

Software: 2591 Kerner Blvd., San Rafael, CA 94901.).   The following assumptions were

made in the generation of these curves:1) the reaction rate constants and mechanism in

Scheme 6.1.,  2).  ket + kadd = 1x1010 M-1s-1, 3)  T=298oK, 4) planar electrode geometry

with area = 1 cm2, 5) semi-infinite diffusion is assumed and the pre-equilibrium is

disabled, 6) α = 0.5, 7) an average value for the diffusion coefficients of species,

D=1x10-5 cm2/s, 8)  model parameters: expanding space factor = 0.1, potential step (V) =

0.0025 (or ≤ (sweeprate (v) /50) at v < 0.5 V/s),  iterations = 2, D/k = 1x10-12,

xmax/sqrt(Dt) = 6, r0 minimum = 20.    Concentration of species, gamma (γ), and sweep

rate (v) were varied.
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Scheme 6.1
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6.1.4  Materials and purification.109

N,N-dimethylformamide (DMF, EM Science, 98%) was stirred over copper (II)

sulfate (Aldrich, 98%) and activated alumina (Aldrich, neutral, Brockman activity I) for >

three days and vacuum distilled just prior to use.  Alumina was flame dried under vacuum

(until evolution of water vapor ceased) prior to use.  1-Methyl-2-pyrrolidinone (NMP)

was vacuum distilled and stored over molecular sieves.  Dimethylsulfoxide (DMSO) was

stirred over CaH2 for several days and vacuum distilled just prior to use. Tetra-n-

butylammonium perchlorate  (TBAP) was prepared by the method of House110 and

recrystallized 4 x from ethyl acetate/hexane and vacuum oven dried before use.  5,7-Di-t-

butylspiro[2,5]octa-4,7-dien-6-one 13a, 111 1-methyl-5,7-di-t-butylspiro[2,5]octa-4,7-

dien-6-one 13b,111 1,1-dimethyl-5,7-di-t-butylspiro[2,5]octa-4,7-dien-6-one 13c,111  and

2,6-di-t-butyl-4,4-dimethylcyclohexa-2,5-dien-1-one112 were prepared through

modification of previously published syntheses.  1-Acetyl-2,2-dimethyl cyclopropane

14b,113,114 and 3-cyclopropyl-cyclohex-2-enone 15115 were prepared without modification

from published synthesis.  Cyclopropyl methyl ketone 14a (Aldrich, 99%), cyclobutyl
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methyl ketone 29 (Aldrich, 98%), 2-pentanone (Aldrich, 99+%), 4,4-dimethyl-2-

pentanone (Aldrich, 99%) , 5-methyl-2-hexanone (Aldrich, 99%), 2-hexanone (Aldrich,

98%), and 4,6-tri-t-butylphenol (Aldrich, 96%) were used as received.  All catalysts used

in this study except fluoranthene (Agros Organics, >98%) and anthracene (Matheson,

Coleman & Bell, >98%) were obtained from Aldrich and used as received.

6.2  Electrolysis

Products of bulk electrolysis were all known compounds.  Characterization was

confirmed as needed for compounds which were not commercially available.

6.2.1 Electrolysis (specific)

5,7-Di-t-butylspiro[2,5]octa-4,7-dien-6-one (13a).  After electrolysis of 80 mg (0.34

mmol) of 13a for 37 min at 30 mA (2 equiv. of electrons) , subsequent work-up and

separation of the crude oil via PTLC (1% EtOAC/Hexane) yielded  the following pure

compounds:  2,6-di-t-butyl-4-ethylphenol116 (35 mg,43%),  1,4-bis(3’,5’-di-t-butyl-4’-

hydroxybenzyl)butane117 (22 mg, 28%), and unreacted starting material 13a (10 mg,

11%) quantitated as 2,6-di-t-butyl-4-(hydroxy-ethyl)phenol118 generated during the acidic

workup.

Cyclopropyl methyl ketone (14a).  14a (1.28 mmol) and biphenyl (1.27 mmol) were

electrolyzed for 60 min (1 eq. e-) at –3.0 V (vs Ag/Ag+).  The electrolytic solution was

quenched and analyzed by GC (chlorobenzene as internal standard) to give 2-pentanone

(34%) and 14a (60%).  Product retention times were determined by comparison to
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authentic samples.  Work-up and separation via PTLC (EtOAC/Hexane) yielded  11 mg

adduct products (1 major).  Mixture characterized by GC/MS and 1H NMR.

1-Acetyl-2,2-dimethylcyclopropane (14b).  14b (1.53 mmol) was electrolyzed in NMP

at 30 mA until 0.4 eq electrons were transferred.  The electrolytic solution was quenched

and analyzed by GC (cyclohexane as internal standard) to give a mixture of 4,4-dimethyl-

2-pentanone (3%), 5-methyl-2-hexanone (7%), and 14b (91%).  Product retention times

were determined by comparison to authentic samples.

Cyclobutyl methyl ketone (29).  29 (2.14 mmol) and biphenyl (1.62 mmol) were

electrolyzed at 30 mA until 0.7 eq of electrons were transferred.  The electrolytic solution

was quenched and analyzed by GC (2,5-dimethylhexane as internal standard) to give 2-

hexanone (24%). Product retention times were determined by comparison to authentic

samples. Work-up and separation via PTLC (EtOAC/Hexane) gave 7 mg adduct products

(1 major).  Mixture characterized by GC/MS and 1H NMR.

3-Cyclopropyl-cyclohex-2-enone (15).  15 (0.3902 mmol) was electrolyzed at –2.62 V

(vs Ag/Ag+) for 60 min. (0.8 eq of electrons). The electrolytic solution was quenched and

analyzed by GC (biphenyl as internal standard) to give 3-propyl-cyclohex-2-enone

(43.5%).  A pure sample of 3-propyl-cyclohex-2-enone was isolated by flash column

chromatography (20% ethylacetate/hexane).119
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6.2.2  Spectroscopic Data

2,6-di-t-butyl-4-ethylphenol:  1H NMR  (CDCl3) δ 7.02 (s, 2H), 5.04 (s, 1H), 2.59 (q,

2H), 1.45 (s, 18H), 1.23 (t, 3H);  13C NMR (CDCl3) δ 152, 137, 135, 123, 34, 30, 29, 16;

HRMS (EI) C16H26O, obs’d: 234.198700, calc’d: 234.1983657, error: 1.4 ppm.

1,4-bis(3’,5’-di-t-butyl-4’-hydroxybenzyl)butane:  1H NMR  (CDCl3) δ 6.99 (s, 4H),

5.02 (s, 2H), 2.56 (m, 4H), 1.67 (m, 4H), 1.44 (s, 36H); 13C NMR (CDCl3) δ  152, 136,

133, 124, 36, 34, 32, 30;  HRMS (EI) C32H50O2, obs’d: 466.382034, calc’d:

466.3810813, error: 2.0 ppm.

2,6-di-t-butyl-4-(hydroxy-ethyl)phenol:  1H NMR  (CDCl3) δ  6.99 (s, 2H), 5.09 (s,

1H), 3.81 (m, 2H), 2.79 (m, 2H), 1.41 (s, 18H); 13C NMR (CDCl3) δ 152, 136, 129, 126,

64, 39, 34, 30;  HRMS C16H26O2, obs’d: 250.194077, calc’d: 250.1932803, error: 3.2

ppm.

2,6-di-t-butyl-4-isopropyl-phenol:  1H NMR  (CDCl3) δ  1.63 (d, 3H, J = 6.9 Hz), 1.45

(s, 19H), 2.83 (m, 1H), 5.03 (s, 1H), 7.03 (s, 2H).

2,6-di-t-butyl-4-prop-2-ene-phenol:  1H NMR  (CDCl3) δ 0.99 (t, 3H, J = 7.2 Hz), 1.46

(s, 19H),  1.63 (m, 2H, J = 7.5 Hz), 2.52 (t, 2H, J = 7.6 Hz), 5.04 (s, 1H), 7.00 (s, 2H).

2,6-di-t-butyl-4-propyl-phenol:   1H NMR  (CDCl3) δ 1.43 (s, 19H), 3.31 (d, 2H, J = 6.8

Hz), 5.02-5.11 (complex, 3H), 5.97 (m, 1H), 6.99 (s, 2H).



149

2-(3’,5’-di- t-butyl-4’hydroxyphenyl)-propan-2-ol:  1H NMR  (CDCl3)  δ 1.43 (s, 6H),

1.48 (s, 19H), 5.85 (s, 1H), 7.85 (s, 2H), 9.35 (s, 1H).

2,6-di-t-butyl-4-iso-butyl-phenol: 1H NMR  (CDCl3) δ  0.91 (d, 6H), 1.43 (s, 18H), 1.78

(m, 1H), 2.37 (d, 2H), 5.00 (s, 1H), 6.92 (s, 2H); 13C NMR (CDCl3) δ 152, 136, 132, 126,

46, 34, 31, 30, 23;  MS (EI) m/e 262 (23, M+.), 247 (38), 219 (100), 57 (15);  IR v, cm-1

3649, 3074, 2957, 1773, 1600, 1435, 1364, 1315, 1233, 1158, 1121, 1088, 1023, 932,

898, 884, 801, 786, 768, 742, 641

2,6-di-t-butyl-4-isoprene-phenol: 1H NMR  (CDCl3) δ  6.98 (s, 2H), 5.06 (s, 1H), 4.79

(s, 1H), 4.72 (s, 1H), 3.25 (s, 2H), 1.71 (s, 3H), 1.44 (s, 18H); 13C NMR (CDCl3) δ 153,

146, 136, 131, 126, 112, 45, 35, 30, 23;  HRMS C18H28O, obs’d: 260.214218, calc’d:

260.214016, error: 0.8ppm.   IR v, cm-1 3648, 3072, 2955, 1649, 1431, 1390, 1361, 1313,

1232, 1155, 1120, 1026, 932, 885, 808, 791, 767, 709, 638, 615.

2-(3’,5’-di- t-butyl-4’hydroxybenzyl)-propan-2-ol:   mp 89-93 (92-93 lit.); 1H NMR

(CDCl3) δ 6.98 (s, 2H), 5.11 (s, 1H), 2.68 (s, 2H), 1.44 (s, 18H), 1.23 (s,6H);  IR v, cm-1

3643, 3364.

2-(3’,5’-di- t-butyl-4’hydroxyphenyl)-2-methylpropanol:   1H NMR  (CDCl3) δ  7.18

(s,2H), 5.13 (s, 1H), 3.55 (m, 2H), 1.45 (s, 18H), 1.32 (s, 6H); 13C NMR (CDCl3) δ 152,

136, 135, 123, 73, 40, 35, 30, 25.
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3-propyl-cyclohex-2-enone:  1H NMR  (CDCl3) δ  5.88 (s,1H), 2.40-2.12 (m, 6H), 2.00

(m,2H), 1.54 (m,2H), 0.95 (t, 3H); 13C NMR (CDCl3) δ 200, 167, 126, 41, 38, 30, 23, 20,

12.
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